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ABSTRACT 
A long-tenn water quality monitoring program has been established at the Noland Divide 
Watershed (NDW) in the Great Smoky Mountains National Park. The Noland Divide Watershed 
is a spruce fir-forested catchment which has been shown in previous research to receive some of 
the largest fluxes of atmospherically-deposited nitrogen and sulfur compounds in the world. 
Stream water chemistry data from November 1 99 1  through August 1998 for two streams, the 
"northeast" (NE) stream and "southwest" (SW) stream, were examined to note results of this 
deposition on water quality. Automatic monitoring equipment on both streams measure and record 
pH, conductivity, and temperature readings evezy 15 minutes, and Stevens recorders in 3-foot H­
flumes record stage height which corresponds to a flow rate every 15 minutes. In addition, grab 
samples were collected weekly and analyzed for pH, conductivity, acid neutralizing capacity 
(ANC), major anions and cations, aluminum, and silica. Experimental analysis was conducted to 
describe conditions, detect long-tenn and/or seasonal trends in water quality, and to relate water 
quality constituents with the watershed hydrology. In addition, parametric regression models were 
formed to note influence of several variables such as flow, time, seasonality, pH, and conductivity 
on analyte loads and concentrations and to test several sampling scenarios that may more-efficiently 
represent the water quality at NDW. It was determined from the analysis that high flow events are 
not well represented by the weekly grab samples and therefore water quality during these flow 
conditions is not fully understood. The SW stream is controlled more by groundwater inputs than 
is the NE stream, and the water quality characteristics of the two streams are statistically different 
(p < 0.05) with respect to all analyte concentrations except ammonium. Increased sulfate 
lll 
concentrations ( + 1 .08 J.Leq/L in S W, + 1.32 f.Leq/L in NE) were observed in the streams for each 
l-inch increase of precipitation that occurs since the previous sampling visit. Decreased sulfate 
concentrations ( -0.65 J.Leq/L in S W and -0.67 f.Leq/L in NE) were observed in the streams for each 
1-day increase in consecutive dry days prior to sampling. Nitrate concentrations observed in the 
streams were not significantly influenced by precipitation prior to sampling, but decreased 
concentrations (-0.50 J.LeqiL in SW and -0.54 f.Leq/L in NE) were observed for each 1-day 
increase in consecutive dry days prior to sampling. Parametric regression models show that · 
chloride, sodium, aluminum, and ammonium loads and concentrations are increasing over time, 
nitrate and silica loads and concentrations are decreasing over time, and sulfate, potassium, and 
hydrogen ion loads and concentrations are not changing over time. All analyte loads and · 
concentrations except silica are significantly (p < 0.1 0) influenced by seasonality. Parametric 
regression models also show that grab samples collected on a bi-weekly or tri-weekly frequency · 
would be as statistically adequate for characterizing water quality concentrations and loads as are 
samples collected on a weekly basis. 
lV 
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CHAPTER I. INTRODUCTION 
Background on the Great Smoky Mountains National Park 
The Great Smoky Mountains National Park (GRSM) is the second largest National Park 
in the eastern United States. It comprises more than 220,000 hectares, and is located on the 
border ofTennessee and North Carolina in the Blue Ridge Physiographic Province (see Figure 1-
1 ). It is the most -visited National Park, with over 9.3 million visitors in 1992 alone (Peine eta/., 
1995). The GRSM is the largest temperate zone National Park in the southeastern United States, 
is noted for its biodiversity in plant and animal species. Vegetation types range from virgin areas 
ofhemlock, hardwoods, and spruce-fir forests to areas that have been burned, logged, or farmed 
prior to establishment of the Park. Approximately 60,000 hectares of the Park have never been 
disturbed by burning, logging, or settlement, which makes the Park the largest undisturbed 
deciduous or coniferous forest-dominated landscape in the eastern United States (Del court and 
Del court, 1991 ). In addition, the Park contains approximately 1,200 species of native vascular 
plants, over 300 lichen species, over 800 species of moths and butterflies, over 2,200 species of 
macro-fungi, 60 species of mammals, 53 species offish, 30 species of salamanders, over 325 
species of aquatic insects, and numerous species of migratory birds (Ibid., 1991 ). The Park is also 
unique because of its extensive elevational range (260 m to 2,025 m) and geographical location. 
Though direct anthropogenic influences in the Park are limited primarily to automobile traffic and 
trail and facility use, the Park is affected byboundaryencroaclunent and by air pollution from major 





Figure 1-1. Location of the Great Smoky Mountains on the western edge of the Blue Ridge 
Physiographic Province. 
2 
Development of the Noland Divide Watershed Research Site 
The Noland Divide Watershed (NDW) was chosen as a research site for the Integrated 
Forest Study (IFS) project from 1986 to 1989, which observed and quantified atmospheric 
deposition and nutrient cycling in over 17 watersheds internationally (Jolmson and Lindberg, 1992). 
These studies showed that NDW received some of the highest rates of sulfur and nitrogen 
compound deposition of those watersheds studied (see Figure 1-2). In November 199 1, a small 
watershed research project was established at the same site to examine long-term trends and 
relationships between atmospheric deposition and water quality. In cooperation with the National 
Park Service, faculty, staff, and students at the University ofTennessee, Knoxville, have been 
responsible for monitoring atmospheric deposition rates of acidic compounds, stream water quality 
and flow, and soil water chemistry. 
The Noland Divide Watershed is a spruce fir-forested, high altitude watershed located 
along the main ridge of the Great Smoky Mountains, near Clingman's Dome (Lat. 35°34'N, Long. 
83�8'W). A schematic diagram of the watershed is presented in Figure 1-3. Access to the 
watershed is possible from the Clingman's Dome Road and the Noland Divide Trail. The 
watershed comprises approximately 17.4 hectares of terrain with an elevational range of 1695 to 
1940 meters. Geology is dominated by the Thunderhead Sandstone of the Great Smoky Group 
(Upper Proterozoic), which is made up of mainly quartz and potassic feldspar (King et al., 1968). 
Overstoryvegetation includes old-growth red spruce (200-300 years old) and some mature yellow 
birch, while understory vegetation includes Frasier fir, red spruce, blackberry, witch hobble, 
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Figure 1-2. Atmospheric deposition fluxes of S and N across the IFS collection network. 




Dystrochrepts fonned from the Thunderhead Sandstone. The soil profile consists of a 4 em thick 
Oi + Oe horizon of needles and leaves, a 4 em thick Oa horizon of mucky humus, an 8 em thick 
A horizon of dark. reddish-brown, mucky loam, a 27 em thick Bw horizon of dark brown, sandy 
loam, a 35 em thick Cb horizon of dark, yellowish-brown loam, a 20+ em thick C horizon of olive­
brown, loamy sand, and underlying sandstone bedrock (Johnson and Lindberg, 1992). A 
summary table of additional watershed characteristics can be found in the Appendix, Table A-1. 
The NDW contains three main monitoring stations: an atmospheric deposition station with 
an open, wet-only precipitation collector and a throughfall collector (elevation 1 7 40 m ), a stream 
station monitoring two adjacent streams ( 1720 m), and a soil solution station with soil lysimeters 
in the A, Bw, and CB horizons ( 17 40 m ). Another atmospheric deposition monitoring station 
existed in the upper portions of the watershed ( 1920 m) from August 1993 to July 1996; it is no 
longer used. In addition, several 20 x 20m vegetation plots were established to study stand 
structure, biomass, and soil nutrient cycling. The focus of this thesis will be on the results of 
monitoring at the stream station. The stream station monitors stream water quality and flow in two 
streams, the "southwest" (SW) stream and "northeast" (NE) streams. A schematic diagram of the 
stream station is presented in Figure 1-4. Each stream is equipped with a 3-foot H-flume and 
Stevens Type F water level recorder for detennining discharge from measured stage height and a 
Hydro lab unit (model no. 32001 H20) to monitor continuous pH, conductivity, and temperature. 
A Campbell Scientific CR-1 0 datalogger collects and stores data from both streams at a 15-minute 
interval; these data can be downloaded onto storage modules and be imported into spreadsheets 
for storage and analysis. The Hydro lab units are protected from weather and animal damage by 
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I Datalogger I 
I NE Flume I 
Figure 1-4. Schematic diagram of the Noland Divide stream monitoring station. 
7 
diverting stream water through a pipe into an adjacent plastic container or "pit", in which the 
hydro lab is stored. Stream water circulates in this container and then is channeled back into the 
stream through another pipe. It should be noted that the SW stream was outfitted with a Hydro lab 
in November 1991, but the NE stream was not outfitted until April 1998; therefore, a more 
complete record of continuous data exists for the SW. 
Summary of Data Types and Methods of Analysis 
Water quality monitoring at NDW is accomplished through continuous data and weekly 
grab sample data. A summary table of the different data types used in this research is presented 
in Table 1-1. The Hydrolab units on each stream make readings of pH, conductivity, and 
temperature every 15 minutes; the datalogger records this data and compiles daily totals 
throughout the week. The watershed is visited every week to collect four ( 4) grab samples for 
each stream. These grab samples are analyzed for pH, conductivity, ANC, chloride, nitrate, 
sulfate, sodium, ammonium, potassium, magnesium, calcium, aluminum, and silica. Each grab 
sample has been assigned a flow from the continuous data at the time the sample was taken in 
order to calculate loads of each water quality constituent out of the watershed. In addition, 
samples during a storm in 1995 have been collected and analyzed to examine constituent response 
during an extreme event. Daily precipitation data using a Belfort rain gage were collected from 
November 1991 through December 1995 and analyzed to detect relationships between nitrate and 
sulfate concentrations and precipitation prior to sampling. 
Chemical analyses of all samples were performed by personnel in the Department of 
Forestry, Wildlife, and Fisheries at the University ofTennessee, Knoxville, from June 1991 to 
8 
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November 5, 1995 each parameter 
NE: 58 for 
each parameter 
November 1991 - 1,463 
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December 1998. After that period, the project and all field and analytical services were transferred 
to the Department of Civil and Environmental Engineering. A summary of procedures and 
protocols used for collection and analysis of samples can be found in the summary report 
"Assessment of Stream Water Quality and Atmospheric Deposition Rates at Selected Sites in the 
Great Smoky Mountains National Park, 1991-1998" by McCann eta/. (2000). 
Purpose and Scope 
This thesis focuses on analysis of stream water quality of the SW and NE streams in the 
NDW. Though a substantial data set has formed since monitoring began in 1991, no extensive 
analysis on stream water quality had been performed or compared to results in other watersheds. 
As a result, these water quality data have now been analyzed to detect trends over time and in 
different flow regimes, to understand relationships between some analytes, precipitation, and dry 
period prior to sampling, and to formulate load and concentration regression models. The specific 
objectives of this thesis research are as follows: 
1.  To summarize trends seen in continuous and weekly stream sample data for 
the NE and SW streams over time .. -by month, season, year, and long-
term. 
2. To summarize trends seen in weekly sample data based on respective flow 
regimes. 
3 .  To identify chemical "signals" associated with different flowpaths in the watershed 
(vadose zone, saturated zone, bedrock zone) in different flow 
regimes. 
10 
4.  To determine whether there are significant differences in chemistry and flow 
between the NE and SW streams. 
5. To determine whether observed water quality and hydrology fit well with the 
conceptual/projected watershed response detemrined from similar studies 
in other watersheds. 
6. To develop multiple linear regression-based models for calculating loads in the SW 
stream and for understanding influences on constituent 
concentrations. 
7. To evaluate different sampling strategies using regression-based models and 
propose a more-efficient sampling strategy, if possible. 
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CHAPTER II. REVIEW OF THE LITERATURE 
Geochemistry of Natural Waters as a Result of Atmospheric Deposition 
Large areas in North America and Europe have been documented as receiving significant 
amounts of atmospherically-deposited compounds, particularly sulfuric and nitric acids, as a result 
of the combustion of fossil fuels, automobile emissions, and the smelting of nonferrous metals 
( Drever, 1988). The main anionic components of acid deposition are sulfate and nitrate, while the 
main cationic components are hydrogen and ammonium ions ( Church, 1997). The Great Smoky 
Mountains in the southeastern United States receives some of the highest input rates of sulfur and 
nitrogen compounds; this in turn affects water quality of streams draining watersheds in the Great 
Smoky Mountains National Parle ( Flum and Nodvin, 1995). This is particularly true in the Noland 
Divide Watershed, wherefluxrates of nitrate (throughfall flux 911 eq/ha/yr)and sulfate (throughfall 
flux 2100 eqfha/yr) rival those in north-central Europe and where there are poorly-buffered soils 
which are inadequate to counter-act the acid-production processes that accompany deposition 
(Shubzda eta/., 1995; Johnson and Lindberg, 1 992 ). In order to understand and interpret water 
quality at Noland Divide, one must first understand the basic biological and geochemical 
interactions that occur within such watersheds .  
In many high-elevation watersheds, acid components of sulfur and nitrogen compounds in 
the atmosphere can be deposited by wet deposition or "acid rain", dry deposition as particles, or 
cloudwater deposition ( Drever, 1988). Research in Noland Divide has shown that input of these 
compounds is dominated by dry and cloudwater deposition processes (Nodvin et a/., 1995; 
Shubzda et a/., 1995). Once in the watershed, these compounds undergo reactions that can 
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release excess hydrogen ions, which contribute to acidification of soil and surface waters, and that 
can mobilize base cations. For example, if nitrogen is deposited to a watershed, nitrification by the 
biomass will convert it to nitrate; release of this nitrate will generate hydrogen ions, or acidity, to 
balance the charge (Drever, 1988). This reaction (nitrogen deposited as ammonium) commonly 
occurs as follows: 
(2-1) 
Reactions with sulfur compounds are generally much slower than those with nitrogen compounds. 
In the presence of water, sulfur compounds react to form sulfate and excess hydrogen ions by the 
following reactions (Schlesinger, 1991): 
so2 + H2o--•H+ + Hso3-
2Hso3· + 02 + M 2H+ + 2SO/- + M 
(2-2) 
(2-3) 
where M represents a variety of possible catalysts. If the concentration of strong acid anions such 
as sulfate and nitrate increase in the solution moving through the soil, the concentration of base 
cations (Ca2+, Mi+, Na +, K+) must increase accordingly to maintain charge balances. However, 
if there is low base cation availability, the charge balance will be maintained by the leaching of more 
hydrogen ions and aluminum (Cosby eta/., 1985). The above is true for Noland Divide 
watershed, as research there has shown a tendency to conserve available base cations and instead 
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release acid cations (H+) and alwninurn (Johnson and Lindberg, 1992). Research in the Hubbard 
Brook watershed has shown that wet and dry deposition are the major sources for acid anions and 
nutrients such as sulfur, nitrogen, and chloride, while weathering is the major source for many base 
cations such as calcium, magnesium, potassium, and sodium (Likens and Bormann, 1995). 
Research in the Smoky Mountains and at Noland Divide supports this, yet also has shown that 
some amounts of base cations are deposited as particulate matter, and that litterfall decomposition 
and foliar leaching produce significant amounts ofpotassiwn, calcimn, and magnesimn (Johnson and 
Lindberg, 1992). 
Over time, nitrogen inputs can exceed watershed demand, causing various stages of 
nitrogen saturation. This process can be accelerated if there are large pools of nitrogen in the soil 
and older-growth forests in the watershed (Stoddard, 1994). Noland Divide Watershed has been 
shown to be at Stage 2/verge ofStage 3- nitrogen saturated, which means that the annual nitrogen 
cycle is dominated by nitrogen loss through leaching and denitrification. As a result, the watershed 
acts as a net source of nitrate in some periods of the year and there are elevated nitrate 
concentrations observed during both storm events and baseflow conditions (Nodvin eta/., 1995; 
Stoddard, 1994). Therefore, streams in Noland Divide undergo both chronic and episodic 
acidification (Nodvin et a/., 1995). Studies throughout the United States have shown that 
increased nitrogen inputs may cause enhanced sulfate retention through adsorption (Nodvin eta/., 
1995; Flum and Nodvin, 1995; Lynch and Corbett, 1989; Ryan et a/., 1989; Clow and Mast, 
1999; Herlihy eta/., 1991 ). As a result, further acidification is somewhat buffered. However, 
once the sulfate adsorption capacity of a soil is reached and then exceeded, release of excess 
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sulfate will contribute to further chronic and episodic streamwater acidification and base cation 
export. 
Typically, surface waters are considered "acidic" if their acid neutralizing capacity (ANC) 
becomes zero or negative, which usually causes episodic decreases in pH to below 5, depending 
on other conditions (Drever, 1988). Surface waters are considered "poorly buffered" against 
acidity if pH is below 6 and ANC is below 40 !J.eq/L (Nodvin et al., 1995). The effects of this 
acidity have been studied, yet there are no widespread conclusions. Research at Hubbard Brook 
has shown that decreased forest growth may be attributable to the loss of base cations due to soil 
and surface water acidification (Likens and Bormann, 1995). In the Smoky Mountains, there is 
evidence that reduced growth and other physical changes in red spruce may be caused by limited 
availability of calcium and high foliar aluminum levels (Johnson et al., 1991 ). Other research has 
shown declines in fish and macroinvertebrate populations due to low pH and toxic levels of 
aluminum (McAvoy, 1989; Webb eta/., 1989; Baker and Schofield, 1982; Swistock et al., 
1989). Solubility and mobilization of toxic forms of aluminum are at a minimum at pH 5.5 and 
increase as pH decreases (Stumm and Morgan, 1981 ). Table 2-1 shows observed ecological 
consequences of low pH levels in streams. In addition, mortality of some fish species has been 
observed in laboratory experiments when aluminum concentrations are as low as 7.5 !J.mol/L 
(MeA voy, 1989). 
Temporal Trends 
Several studies have examined temporal trends of chemical constituents in streams, 
particularly pH, sulfate, and nitrate, to determine whether conditions are declining or improving over 
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Table 2-1. Proposed ecological consequences of low swface water pH. 
Source: Baker, J.P., J. Van Sickle, C.J. Gagen, D.R. DeWalle, W.E. Sharpe, R.F. Carline, B.P. Baldigo, P.S. 
Murdoch, D.W. Bath, W.A. Krester, H.A. Simonin, and P.J. Wigington, Jr., Episodic acidification of small 
streams in the northeastern United States: effects on fish population s, Ecological Applications, 6, 422-437, 
1996. 
pH Range Biological Effects 
6.5 - 6.0 Loss of sensitive benthic invertebrates 
6.0-5.5 Loss of acid-sensitive fish 
Reduced reproduction in sensitive fish species 
Increase in green algae in periphyton 
5.5-5.0 Loss of most fish species 
Green algae dominate periphyton 
Loss of most mayflies, stoneflies, caddisflies, 
and shellfish 
Reduced biomass and productivity 
<5.0 Loss of all fish species 
Decreased nutrient cycling rates 
Decline in periphyton species richness 
Decline in benthic invertebrates 
Reproductive failure of acid-sensitive amphibians 
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time and to detect seasonal patterns. The Northeast U.S. contains by far more extensively-studied 
watersheds than any other region in the U.S. One of the most notable small watershed studies has 
been the Hubbard Brook Ecosystem Study in New Hampshire. Scientists have detected strong 
seasonal cycles in nitrate and other constituents in stream water; highest concentrations of nitrate, 
potassium, and hydrogen ion and lowest concentrations of sulfate occur in winter and directly after 
snowmelt (Likens and Bormann, 1995; Stoddard, 1994 ). Though there has been no significant 
long-term trend in stream water nitrate concentrations after 23 years of study, there has been a 
significant decrease in sulfate and base cation concentrations, which is believed to be due to 
decreases in atmospheric deposition of sulfur compounds (Likens and Bormann, 1995; Clow and 
Mast, 1999). However, there have been no significant changes in pH, and ANC remains negative, 
indicating the stream has not yet begun to recover from acidification due to sulfate deposition (Ibid., 
1999). 
Studies in the forested Biscuit Brook Watershed in the Catskills Range show that nitrate 
is increasing by approximately 1 �eq/L per year, though it is unclear whether this can be attributed 
to anthropogenic sources of nitrogen (Stoddard, 1994 ). A significant long-term increase in nitrate 
has also been observed in the forested Femow Experimental Watershed in West Virginia, 
approximately 3 �11, yet this trend should be interpreted with caution as analytical methods were 
changed during the study period (Stoddard, 1994 ). Clow and Mast ( 1999) have studied long-term 
trends in five headwater basins in the northeast U.S. Common characteristics of these watersheds 
were that they experienced minimal human impact other than atmospheric deposition, all are 
undeveloped forested areas, logging has occurred in all watersheds at some time, and all have soils 
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that are acidic, have low base cation saturation, and have low sulfate adsorption capacities (except 
for one watershed studied). Clow and Mast (1999) found that from 1984 to 1996, all sites 
showed significant decreases in streamwater sulfate, and many sites showed significant decreases 
in ANC. In addition, trend analysis of precipitation also showed significant decreases in sulfate, 
which supports findings and conclusions in the Hubbard Brook Watershed. Research focusing on 
sulfate has been conducted in another northeast U.S., forested watershed, the Leading Ridge 
Experimental Watershed in central Pennsylvania Though a limited record of data does not permit 
extensive analysis oflong-term trends, scientists there have obseiVed strong seasonal patterns, with 
highest sulfate levels occurring in winter, and lowest levels occurring in the summer and early fall; 
this pattern is inversely related to sulfate patterns observed in precipitation (Lynch and Corbett, 
1 989). Significant research has also been conducted in Shenandoah National Park in Virginia; 
these studies show that sulfate concentrations are in fact increasing over time at an average rate of 
2 J..leq/L per year and that hydrogen ion concentrations are increasing at rates from 0. 06 - 0.3 7 
J..leq/L per year (Ryan eta/. , 1 989). There have also been slightly significant (p < 0.30) increasing 
trends in calcium and magnesium concentrations and decreasing trends in ANC. 
Research in the Smoky Mountains has focused mainly on seasonal patterns; no extensive 
long-term trend analyses have been conducted until now. Streamwater studies throughout the park 
have shown that nitrate concentrations are highest in the winter and lowest in the summer and fall, 
conductivity was highest in winter and lowest in summer, pH was highest in fall and lowest in 
winter, and ANC was highest in fall and lowest in spring and early summer (Silsbee and Larson, 
1 982). 
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Hydrologic Influences 
Behavior of water quality constituents in forested watersheds can be affected by hydrologic 
changes, such as storm events and drought periods, and water flowing through different paths 
within a watershed during those periods can have distinct chemical and isotopic characteristics. 
Stonn events are of particular interest to scientists studying acidification of streams, as it is during 
these events that the most dramatic fluctuations in pH, ANC, and concentrations of cations and 
anions occur. 
Stonnflow in a forested catchment can originate by one or more of the following flowpaths: 
1 )  direct interception of precipitation by the stream channel, 2) overland or surface flow, 3) 
subsurface flow through soil layers, 4) basin transfer, and 5) groundwater flow (Church, 1997). 
Most research has shown that the majority of stormflow is generated in subsurface soil layers and 
is composed mainly of pre-event or "old" water (Hill eta/. , 1999; Collins eta/.,  2000; Swistock 
eta/. , 1989; Lynch and Corbett, 1 989; McAvoy, 1989). One exception to this is a study in 
forested catchments in Quebec, in which it was observed that groundwater contributed to 60 -
80 % of stormflow, yet researchers there cautioned their conclusions were most likely site-specific 
(Sklash and Farvolden, 1979). Research in the forested Laurel Hill catchment in the Pennsylvania 
Appalachians showed that precipitation directly on the stream channel was a noticeable component 
on the early rising limb of the hydro graph, yet as the storm progressed, older laterally moving or 
upwelling soil water and groundwater comprised the majority of stormflow. Late in the event, 
younger soil water was converted to stormflow (Swistock eta/. , 1989). In addition, Swistock et 
al. ( 1989) hypothesized that there should be a significant difference in chemical constituents in 
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streamwater between identical flows on the rising and falling limbs of the hydro graph, and they 
observed higher inputs of aluminum on the falling limb. The theory of upwelling soil water and 
groundwater is supported by research by Creed et a/. (1996), which states that as a storm event 
progresses, the water table rises and flushes water into the stream from upper soil layers. 
Researchers in Pennsylvania further hypothesized that groundwater inputs would be the major 
contributor to storm flow during smaller events, and that "flashy'' headwater streams in steeper 
catchments would be even more likely to receive the vast majority ofstonnflow from upper soil 
layers (Swistock et a/. , 1 989). 
Since the pathways that water takes through a watershed have significant influence on its 
compositio� many different tracers have been used to detect where streamwater has been. These 
include temperature, conductivity, calcium, magnesium, chloride, bromide, sulfate, aluminum, and 
environmental isotopes such as oxygen-1 8  (180) and deuterium fH) (Church, 1997; Swistock et 
a/. ,  1989). In addition, isotopes such as radon-222 e22Rn), carbon- 1 3  (13C), and others of 
strontium, uranium, and thorium have been used in recent studies (Church, 1997; Genereux et a/., 
1 993). Research in the Laurel Hill Catchment included the use of oxygen-1 8 and aluminum; 
oxygen-1 8 was chosen because it is a natural constituent of the water molecule and travels where 
water travels, yet aluminum was determined to be the most accurate chemical tracer, as its sources 
could be separated by components ofthe hydrograph (Swistock et a/. , 1 989). 
Many recent storm flow studies have proposed the evidence of three distinct flowpaths: 
bedrock zone flow, saturated soil zone flow, and unsaturated vadose zone flow. Mulho11and 
( 1993) has conducted significant research in the Walker Branch Watershed in Oak Ridge, 
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Tennessee, using a chemical end-member mixing analysis with calcium and sulfate to separate 
chemical signals of the three sources. Research showed that the dominant flow path was 
dependent on watershed antecedent moisture condition (AMC) (Mulholland et a/. , 1 990), a 
phenomenon which will be discussed in subsequent paragraphs. Generally, both shallow and deep 
flowpaths were important in generating storm streamflow, but inputs from the vadose zone 
dominated during peak flow; this resulted in a distinct chemical "signal" of elevated sulfate levels 
and diminished calcium levels. Sulfate concentrations were high in the vadose zone due to 
increased concentrations in precipitation and due to pools of available sulfate on the forest floor and 
upper soil layers from dry deposition. Conversely, calcium concentrations were low in the vadose 
zone because of low base cation saturation and base exchange capacity of soils. Later in the 
storm, inputs from the deep saturated soil zone produced chemical signals oflow sulfate and low 
calcium concentrations, while after the stream returned to baseflow conditions, chemical signals 
from the bedrock zone showed high calcium and low sulfate concentrations (Mulholland, 1 993). 
Other studies in Georgia, Norway, and Sweden have supported this three flowpath theory (Peters, 
1 994; Lundin, 1 995; Collins et a/. , 2000). 
Most research involving water quality changes during storm events has shown that 
watershed AMC prior to a storm event and intensity of rainfall during the storm can have a 
significant influence on the physical and chemical characteristics of water moving through the 
watershed. Research in the Leading Ridge Watershed in Pennsylvania has shown higher sulfate 
export/input ratios in storms after high AMC periods (Lynch and Corbett, 1 989). Findings in the 
Laurel Hill Watershed in the same state have shown that peak flow, volume of storm runoff, and 
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the "hydrologic responsiveness" are related to AMC and the intensity of rainfall during the storm 
(Swistock eta/. , 1 989). In events when the AMC has been low, soil water contributions were 
observed to be less significant; therefore, lower concentrations of constituents associated with soil 
water were found in stream water during these storms than if the AMC had been high. This is 
supported by research by Mulholland eta/. ( 1990), who observed that during high AMC and high 
rainfall intensity conditions, most storm nmoff moved laterally through soil layers to the stream and 
showed elevated levels of chloride, aluminum, and sulfate and diminished levels of ANC, calcium, 
and magnesium. However, in storm events after low AMC conditions or with low rainfall intensity, 
most storm runoff moved through deeper pathways, and thus produced different hydrological and 
chemical responses. Perhaps one of the most interesting studies conducted on AMC and 
stormflow characteristics is that of a completely enclosed catchment in Norway as part of the 
CLIMEX project. This 1 200 m2 catchment is essentially a greenhouse in which watershed 
properties can be controlled and altered. In one particular experiment, the AMC of the watershed 
was brought to saturated conditions, and a storm event was simulated using lithium bromide as a 
tracer (Collins et a/. ,  2000). Researchers observed that AMC is a fundamental control on the 
mixing of old and new water during a storm event. That is, at high AMC, there is a higher 
contribution of old or pre-event water. Similarly, during storms of low rainfall intensity, there is also 
a higher contribution of old or pre-event water (Ibid., 2000). Therefore, in storms of high intensity 
or after a low AMC period, streamwater chemistry should be influenced more by the chemistry 
of the rainfall itself. 
Many watersheds influenced by acid deposition undergo episodic acidification before ever 
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reaching chronic acidification status. Changes in stream chemistry during storm events can have 
a significant impact on aquatic biota Storm event studies in the Laurel Hill Watershed showed that 
aluminwn concentrations at peak flows were generally 1 8  - 28 !JlllOl/L, which exceed acute toxicity 
limits of most indigenous fish species there; these episodic increases were considered the reason 
for trout mortality and current absence of aquatic life (Swistock et a/. , 1 989). In addition, as flow 
increased during storm events, pH decreased 0.2 to 0.6 units. In similar studies at the West 
Wachusett Brook Watershed in Massachusetts, aluminum concentrations ranged from 15-22 
J.lmol!L, and pH decreased from 5.0 to 4.5 during the storm event (McAvoy, 1 989). Episodic 
acidification has also been documented in brook trout streams in Shenandoah National Park; during 
a storm event in the White Oak Run Watershed, ANC decreased from 20 J.leq/L to 3 J.leq/L and 
pH decreased from 6.2 to 5.5 (Eshleman eta/. ,  1 995). In other watersheds at Shenandoah, such 
as Paine Run, ANC commonly becomes negative during these events (Hyer et a/. , 1 995). 
Therefore, acidity of streams need not be chronic to cause lasting impact on aquatic biota. 
Use of Parametric Regression Models 
Many statistical techniques have been used to determine constituent loads in streamwater, 
detect time and seasonal trends in concentrations and loads, and determine optimal sampling 
scenarios for representing water quality. In many previous studies, regression models have been 
used to compute sediment and chemical constituent loads in large rivers (e.g., Smoot et al., 1 986; 
Walling, 1 977; Steele, 1 980); however, many recent studies have shown their applicability to 
smaller streams. Regression models have even been used to detect sources, both anthropogenic 
and natural, of constituents such as chloride in streams (Albek, 1 999). 
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Calculating loads in streams draining small watersheds is often accomplished through an 
averaging method, which is a simple technique commonly applied for lack ofbetter methods; this 
has been the method used for calculating loads in all previous research at ND W. Estimates of 
loads using the average method are made by averaging concentrations and flow over a time period 
and assigning that average load to that entire period. However, this method assumes that flow, 
concentration, and load data are independent and identically distributed, which is usually not true 
(Preston eta/. , 1 989). If these assumptions are not met and if data used for calculating loads do 
not represent the full range of flow and concentration values, estimation bias and errors can be large 
(Ferguson, 1 987). The two other methods commonly used for determining loads are the ratio 
estimator and regression estimator methods. The ratio estimator method entails the use of flow as 
the auxiliary variable and each constituent load as the dependent variable. This linear method has 
been shown to work best when the relationship between the dependent and independent variables 
is linear and passes through the origin and when the variance of the dependent variable about the 
line is proportional to the independent variable (Cochran, 1977). The linear regression or rating 
curve method often entails the use oflog-log relationships between dependent and independent 
variables, given that flow and constituent concentrations often follow a bivariate lognormal 
distribution (Preston eta/. , 1 989). Regression models are somewhat flexible; the influence of 
combinations of several independent variables, such as time or seasonal variability, on the 
dependent variable can be examined. Some studies have shown that log-log regression methods 
can be improved through the use of a bias correction factor or a minium variance unbiased 
estimator (Cohn eta/. , 1 989), though application of these seems to be necessary only for small 
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data sets. 
Preston eta/. ( 1989) conducted an evaluation of the three above methods and attempted 
to characterize errors associated with each, using Monte Carlo simulations and actual tributary 
data and a range of constituents. For determining ''true" loads with which to compare results from 
estimation methods, scientists collected data on a daily basis; this frequency was justified by the 
fact that the tributaries in Preston's study are not "flashy" or highly event-responsive, and variability 
within the day is assumed to be negligible. Other studies have cautioned that samples for smaller, 
more event-responsive streams, such as in NDW, should be collected at a greater frequency in 
order to determine "true" values (Richards and Holloway, 1987). Preston eta/. ( 1989) observed 
that no one method was consistently superior. The averaging method produced accurate and 
precise values only when the data set included flow and concentration values from the entire range 
of actual values, otherwise results were biased. The ratio method often produced less precise but 
virtually unbiased values than the other methods; this method was more robust than other methods 
under certain conditions, such as a weak flow-concentration relationship. The regression method 
produced lower errors and more accurate and precise values than any other method when the 
relationship between flow and a particular constituent's concentration was consistent and strong. 
They also observed that the regression method required a smaller sample size than did the ratio 
estimator method to gain the same level of precision. It was also noted in this study that not 
collecting data during high flows or storm events may result in biased estimates when using the 
averaging or regression method; the ratio estimator method again appears more robust in this case 
(Ibid., 1 989). However, it should be noted that only flow was used in the regression method to 
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explain variability in loads; some precision may have been lost by not including the influence of 
other variables. 
As was mentioned previously, capturing the full range of flow and concentration values in 
a stream is key to reducing errors in most load and concentration estimates. Robertson and 
Roerish (1999) evaluated several sampling scenarios for small streams using a regression approach 
to determine which strategies produced the least errors. The scientists noted that while continuous, 
high-frequency sampling produces the most accurate results, this is not often feasible and thus 
regression methods have been used with some success to produce load estimates for periods when 
concentration data is not collected. In addition, they chose the regression method in their analyses 
because it could account for more variability in flow and concentration than did ratio estimator or 
integration methods. Both flow and seasonality terms were included in the regression equations. 
They determined that choosing an optimal sampling strategy with least error is highly dependent 
upon the length of the monitoring period. For example, for 1-year studies, they concluded that 
samples need only be collected monthly with supplemental samples collected during storm events. 
For studies of 2 - 3 years, samples need to be collected semimonthly, and for studies of more than 
3 years, samples collected on either a monthly or semimonthly basis were statistically adequate. 
The importance of capturing storm events was debatable for studies of 2 or more years (Ibid., 
1999). 
Collection of samples during high flow events is usually desirable given that a large 
percentage of annual mass transport of most constituents occurs during high-flow periods. 
However, Robertson and Roerish (1999) observed that for longer-term studies, additional samples 
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from high flow events resulted in a positive bias and less precise overall annual load estimates. 
However, theyplaced more importance on random sampling and on representing the average load 
for each day, which is generally best for low-variability large rivers. They mention that for many 
small, flashy streams, storm sampling may still be desirable. Interestingly, they observed that the 
optimal sampling strategy for capturing these events is utilizing storm chasing crews instead of 
automated equipment. This is because storm chasing crews usually do not respond immediately 
to storm events and sample later on the hydro graph, when most loads and concentrations are 
decreasing. This sampling strategy, they claim, wi 11 better represent average daily values and 
reduce the magnitude ofbias (Robertson and Roerish, 1 999). However, export of most analytes 
is highest on the rising limb of the hydrograph and during peak flow; therefore, characterizing water 
quality during this period is integral for understanding total export from the watershed. It should 
also be noted that only phosphorus and sediment were used as constituents in Robertson's and 
Roerish's analysis; many other constituents, such as chloride or sodium, are diluted during a storm 
event, and therefore their collection during storm events may result in negative instead of positive 
bias. Robertson and Roerish ( 1 999) observed that although the aforementioned sampling strategies 
were feasible and statistically adequate for representing water quality in small streams, median and 
average absolute errors were still approximately 30%. However, results can be improved by 
having longer monitoring periods, and often the regression method is the most accurate and precise 
approach of feasible approaches for determining loads. 
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CHAPTER III. ANALYSIS OF FLOW DATA 
Characterizing and understanding streamflow patterns in the Noland Divide watershed can 
be invaluable when trying to understand trends, make predictions of water quality, and calculate 
constituent loads. The Noland Divide Watershed, because of its high-altitude location, is influenced 
by a variety of rainfall events. Particularly in summer and fall, flashy convective storm events are 
difficult to capture, and therefore trends in stream water chemistry at these high flows are virtually 
unknown. Rainfall events in winter and spring are generally longer-lasting, less flashy, and are 
generally larger in terms of overall rainfall volume, based on personal observation. The Stevens 
chart recorders in the H-flumes measure stage height in each stream; the stage height data are 
converted to flow data using a stage-discharge relationship for the flume. These data are important 
because they show where on the hydro graph each weekly sample is taken and how much of the 
hydro graph is not represented by the weekly samples. 
Data Sources 
Flow values determined from the 15-minute stage height data set measured by the Stevens 
chart recorders were used in the analysis in this chapter. For each weekly grab sample for each 
stream, a corresponding flow is read from the continuous data record at the time when the grab 
sample is taken. The flow data set for each stream includes values from November 1 991 through 
August 1 998. 
Methods of Analysis 
The record of flow data was analyzed graphically and statistically using Excel, Sigmaplot, 
and SPSS. In order to note flow distributions and probability of exceedence, flow-duration curves 
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were generated from the 1 5-minute data, which were divided by season in order to recognize 
differences among seasonal distributions and because the full data set was too large for any 
software package to generate a single curve. The instantaneous weekly sample flows were also 
placed on these curves to note which flow regimes are being represented and to note differences 
in distributions between the 1 5-minute and weekly sample data set. Plotting positions for each 
individual flow were determined from a W eibull probability formula, as follows: 
Probability of exceedance = m I (n + 1 )  
where: m = rank of each flow value 
n = total number of observations 
(3- 1 )  
The Weibull plotting position has been used extensively in the United States for plotting flow­
duration and flood frequency curves (Helsel and Hirsch, 1 992). The record of continuous flow 
data was ranked from lowest to highest values, the plotting position was calculated for each data 
point, and then the data were plotted on a log-probability plot. Plotting positions for the weekly 
sample flow data were computed separately; these values were then superimposed on the 
continuous data plots. 
Throughout this chapter, "seasons" are defined as follows: December, January, and 
February constitute ''winter''; March, April, and May constitute "spring"; June, July, and August 




Summary statistics for the 1 5-minute flow data are shown in Table 3-1 . It is apparent that 
flow in the NE streamlet has a greater range than does flow in the SW streamlet. Percentile values 
for continuous flow data could not be generated due to the statistical software's inability to process 
the volwne of data. Patterns in mean annual streamflow and mean monthly streamflow for both 
streams are shown in Figures 3-1 and 3-2, respectively. Similar representations of companion total 
annual and mean monthly precipitation from available data can be found in the Appendix, Figures 
A-1 and A-2. The flow duration curves in Figures 3-3 through 3-6 show distributions of the data 
and what flow regimes occur most often in the watershed. It is evident that flow is consistently 
higher in the NE stream than in the SW stream dming high flows, yet flow is consistently higher in 
the SW stream than in the NE stream during baseflow conditions. 
Weekly Data 
When samples are collected on a weekly basis, their corresponding flow is read from the 
1 5-minute data at the time at which they are taken. In Figures 3-7 and 3-8, the distributions of 
these weekly instantaneous flows show that there is great variability in flow when the sample is 
taken on the rising limb ofthe hydrograph, but the vast majority of samples (223 out of339, or 
66%) are taken under baseflow conditions, where there is little variability. Figures 3-7 and 3-8 
show flow distributions through Tukey box plots. The ''box" portion represents the inter-quartile 
range; the lower end of the box represents the 25th percentile value, the line within the box 
represents the median, and the upper end of the box represents the 75lh percentile value. The 
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Table 3- l .  DescriEtive statistics for continuous and weeki� streamflow data for both streamlets, 1 99 1 - 1 998. 
Streamflow* Standard Percentiles 
Sample Type Stream Median Mean Deviation Minimum Maximum lOth 25th 75th 90th 
Continuous sw 0. 1 2  0.20 0.3 1 0 .01  7.80 NIA NIA NIA NIA 
NE 0. 1 2  0.25 0.64 0.00 26.78 NIA NIA NIA NIA 
Weekly sw 0. 1 2  0. 1 8  0.25 0.0 1 2.73 0.04 0.07 0.20 0.34 
NE 0. 1 2  0.22 0.45 0.01 5 .02 0.03 0.06 0.22 0.39 
w *All streamflow values are in cubic feet per second -
0.5 
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Figure 3-3. Streamflow duration and instantaneous streamflow at time of weekly sampling for the SW and NE streamlets, 
winter season 1 991 -1998. 
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Figure 3-4. Streamflow duration and instantaneous streamflow at time of weekly sampling for the SW and NE streamlets, 
spring season 1 991-1998. 
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Figure 3-5 . Streamflow duration and instantaneous streamflow at time of weekly sampling for the SW and NE streamlets, 
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Figure 3-6. Streamflow duration and instantaneous streamflow at time of weekly sampling for the SW and NE streamlets, 
fall season 1 99 1 - 1 998. 
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"whiskers" extending above and below the box represent the upper and lower adjacent values, 
respectively. Circles represent mild outliers, and asterisks represent extreme outliers. Outliers are 
considered ''mild" if they lie farther than 1 .5 times the inter-quartile range below the 25th percentile 
or above the 75th percentile. Outliers are considered "extreme" if they lie farther than 3 times the 
inter-quartile range below the 25th percentile or above the 75th percentile. Wider boxes, or inter­
quartile ranges, as in Figure 3-7 for the rising limb of the hydro graph, usually indicate greater 
variability in the data set. 
Summary statistics for the weekly instantaneous flow samplesareshown in Table 3-1 along 
with statistics for the continuous data. Compared to the 1 5-minute data statistics, the weekly flow 
maximums are smaller and the minimums are greater. Therefore, both the high and low ends of the 
flow spectrum at Noland Divide are not :fully represented in the weekly samples. This observation 
is reinforced by the flow-dmation cwves (see Figures 3-3 - 3-6), in which it is obvious that the high 
flow or storm events are not being captured, and therefore little is known about stream chemistry 
during these times. 
Discussion 
Trends 
From Figure 3- 1 ,  patterns in the 1 5-minute flow data show that the highest mean 
streamflow occurred in 1991 ,  but this is misleading since the data set does not include that entire 
year. Overall, flow patterns agree with rainfall patterns in that the most rainfall and highest 
streamflow occurred in 1 994 and the least rainfall and lowest streamflow occurred in 1 992 and 
1993. From Figure 3-2, the highest mean streamflow occurs in March (the spring season), while 
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the lowest mean streamflow occurs in July (the summer season). In some years, however, the 
lowest flows occurred in October (the fall season). The flow-duration curves also show seasonal 
patterns and distributions. Weekly sampling schemes during the summer fit the continuous 
distribution well; there may have been less variability in the baseflow conditions during summer 
which allowed the sampling scheme to accurately represent the parent population. For the other 
seasons, the weekly data distribution deviates from the parent distribution, especially at mid-range 
on the probability scale. Perhaps the most deviant is the fall distribution; this may be the season 
that experiences the most "flashy'', rare events that do not endure for long periods and therefore 
are very difficult to catch with any frequency. In addition, most of these convective storm events 
tend to occur in the afternoon. Since most weekly samples are taken around 11 :00 am - 12:00 pm 
every time, it is even more unlikely that fall storm events are represented in the weekly samples. 
SW vs. NE Stream Conditions 
1bough both streams lie within the same watershed, differences exist between them with 
respect to flow and chemistry at any given time. During baseflow conditions, flow in the SW 
stream is slightly but consistently higher than flow in the NE stream. However, during rainfall 
events, the NE stream experiences much higher flows than does the SW stream. One explanation 
for this phenomenon is that at high flows, the SW stream short-circuits its banks, travels through 
distinct channels, and enters the NE stream upstream of the flume. Other contributing factors may 
be that the NE stream drains a larger area which captures more overland flow during storm events, 
or that flow in the SW stream is controlled more by groundwater sources. It would be extremely 
difficult to isolate drainage areas to each stream given the inter-connectivity of the streams in the 
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upper elevations of the watershed. The cross-over phenomenon has important implications for 
water chemistry in this watershed. However, it is unclear whether the effects of this cross-over are 
being observed at the exact sampling locations in the NE stream. The effects of the largest cross­
over may be seen only in the flumes, where flow and stage height are measured, but since several 
smaller cross-overs occur further upstream ofthe sampling points, the water chemistry in both 
streams is most likely inter-related. The cross-over phenomenon, in relation to water chemistry, 
will be discussed further in later chapters. 
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CHAPTER IV. TEMPORAL VARIABILITY IN WATER QUALITY 
Data Sources 
To examine trends of water quality constituents overtime, both the continuous ( 15-rninute) 
and weekly grab sample data were used. The Hydro lab monitoring equipment in the Noland 
Divide watershed provides valuable information on the continuous behavior of pH, conductivity, 
and temperature. By having these data on a 1 5-rninute basis, one is able to gain a piece of the total 
pictme of what occurs during storm events and all other flow regimes. The Hydro lab continuous 
monitoring equipment was installed in November 1991  on the SW stream, but was not installed 
in the NE stream until April l 998. The data sets for each stream in this analysis extend through 
August 1998. Therefore, a more complete record exists for the SW stream and thus this record 
will be the main focus of this section. 
Weekly grab samples taken for both streamlets provide a more complete water chemistry 
profile; grab sample data from November 1991  through August 1 998 were used in this analysis. 
Each weekly sample is analyzed for pH, conductivity, acid neutralizing capacity (AN C), chloride, 
nitrate, sulfate, sodium, ammonium, potassium, hydrogen ion, calcium, magnesium, aluminum, and 
silica. In this report, trends in calcium and magnesium concentrations are not presented or 
discussed due to an ongoing review of quality assurance/quality control procedures. 
Methods of Analysis 
Fifteen-minute conductivity and pH were analyzed overtime-by year, season, and month. 
The ful1 1 991- 1998 record was too large for the statistical software package and/or computer to 
analyze graphically. For this reason, the full record was split into two periods: 1991- 1994 and 
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1 995-1998. As a result, swnmary statistics for continuous pH, conductivity, and temperature are 
not provided because the software package would not generate these statistics for the full data set. 
Weekly data were also analyzed and represented graphically over time--by year, season, 
and month. Statistical tests for determining differences between seasons and between the NE and 
SW streams' constituents were conducted using SPSS statistical software. Data sets were tested 
for normality through the Kolmogorov-Smimov test; if data were normal, a parametric t -test was 
performed to note statistical differences and if data were non-normal, a non-parametric Mann­
Whitney U test was performed. These statistical tests could not be performed on the continuous 
data because the data set was too large. 
Further analysis of seasonality in weekly sample constituents was made by fitting load and 
concentration data with sine/cosine seasonality functions in a linear regression model. The load of 
each constituent was determined by multiplying concentration by a corresponding streamflow, read 
from 1 5-minute flow data at the time each weekly sample is taken. The load is calculated as 
follows: 
Flow (Us) * Concentration (J.leq!L) * 1eq/106 J.leq = Instantaneous Load (eq/sec) (4- 1 )  
The seasonality function was formed by determining the fractional part of the year in which each 
sample was taken. For example, ifa sample was taken on May 1 ,  1 995 (Julian day = 1 2 1 ), the 
fractional part ofthe year that had elapsed so far is 1 2 1 /365 =0.33 1 5. This value is then multiplied 
by2n to convert it to radians; this term is called e. The seasonality variable is then introduced into 
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the regression as (b1 cosine e + b2 sine 8). The regression equations are in the following fonn: 
In (QC) or In (C) = I +  b1 (cosine 8) + �(sine 8) 
where: C is concentration in JJ.eq/L 
Q is streamflow in Us 
I is the regression intercept 
In is the natural logarithm 
e is the fractional part of the year, in radians 
bh b2 are the regression coefficients 
(4-2) 
The seasonality function serves to explain the seasonal variability in analyte concentrations or loads 
by fitting them with a variation of a sine wave. Because these seasonality tenns are the only 
independent variables in the regression. one can isolate the influence of seasonality and determine 
during which periods of the yearanalytes reach maximum and minimum concentrations or loads. 
Throughout this chapter, seasons are defined as follows: December, January, and 
February constitute ''winter"; March, Apri I, and May constitute "spring"; June, July, and August 
constitute "summer"; and September, October, and November constitute "fall." More statistical 
and quantitative analysis of time and seasonality trends in the weekly data set will be presented in 
Chapter VI, Parametric Modeling. 
Results 
Continuous Data 
From Figure 4-1 ,  it appears that the SW pH has declined slightly over the period of 
monitoring, 1991-1998. This trend will be tested for statistical significance in Chapter VI. The 
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Figure 4- 1 .  Distributions of continuous pH data by year for the periods 1 991- 1994 (top) and 
1995-1 998 (bottom) for the SW streamlet. 
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weather and blizzards caused malfunctions and erroneous readings in the monitoring equipment 
during March of that year. In general, pH is higher in the late summer and fall (see Figures 4-2 and 
4-3), when the stream is fed more by baseflow, and rainfall events are less frequent (see Figures 
3-2 and A-2 ). pH is lower in the winter and early spring, when streamflow is higher and rainfall 
events are more frequent. There were wider distributions and greater variabilities for pH during 
the summer, particularly for the 1 995- 1998 record. Again, this variability could be due to less 
frequent, though perhaps more extreme, rainfall events and generally low antecedent moisture 
condition during the summer. The distribution of overall pH and conductivity data for the NE 
stream in 1998 is shown in Figure 4-7. From this limited record, it is evident that pH is lower in 
the summer months than in the late spring (see Figures 4-8 and 4-9); this is surprising given the 
behavior in the SW stream and given what is known about the frequency of rainfall events and 
rainfall composition during these seasons. It is difficult, however, to fully analyze this data given the 
limited period of record. 
Figures 4-4, 4-5, and 4-6 show patterns in conductivity over year, season, and month, 
respectively, for the SW stream. There are few recognizable patterns for stream conductivity. 
Baseline conductivity is already very low for Noland given the low weathering potential of the 
sandstone that underlies the site. In general, one would expect that conductivity would be higher 
in baseflow conditions due to longer groundwater residence times in the bedrock and therefore 
greater dissolution capacity and higher dissolved mineral content in the water. However, at Noland 
it appears that higher mineral content and higher conductivity in the stream occur when water is 
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Figure 4-2. Distributions of continuous pH data by season for the periods 1 99 1 - 1 994 (top) and 
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Figure 4-3. Distributions of continuous pH data by month for the periods 199 1 - 1 994 (top) and 
1995-1 998 (bottom) for the SW streamlet. 
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Figure 4-5. Distributions of continuous conductivity data by season for the periods 1 991-1994 
( top) and 1995- 1 998 ( bottom) for the SW streamlet. 
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Figure 4-6. Distributions of continuous conductivity data by month for the periods 1991-1994 
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Figure 4-7. Overall distributions of continuous pH and conductivity data by year for 1998 for the 
NE streamlet. 



























.!!! * ., 
e * 
















*NE continuous data available for only a portion of 1998 













4 5 6 7 8 
Month* 





B * 0 * 
a; 0 * � a. � * * Ul * c ID * E. Cl) * * r;; 
e * 













4 5 6 7 8 
Month* 
*NE continuous data available for only a portion of 1998 
Figure 4-9. Distributions of continuous pH and conductivity data by month for 1 998 for the NE 
streamlet. 
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conditions. Figures 4-5 and 4-6 support this; though all distributions are tight and show little 
relative difference, it appears that lower conductivity is found in the summer and early fall (baseflow 
conditions), while higher values are found in the winter (higher flow). As with pH, conductivity 
appears to have declined slightly over the period of record. Nearly all the distributions, though, 
have many outliers on the high side, particularly for the summer and fall months. As in the previous 
paragraph with pH, conductivity in the NE stream exhibits behavior opposite to that of the SW 
stream. Figures 4-8 and 4-9 show that the NE conductivity is higher in the summer and lower in 
the spring. 
Extensive graphical analysis was not performed for temperature in both streams due to 
gaps in the record of data. However, from available data, the median stream temperature in the 
SW stream is about 7° C, while the median for the NE stream is several degrees higher, about 12° 
C. It should be noted that the conductivity probe on the Hydro lab unit uses the temperature probe 
to provide temperature-corrected readings. As a result, when the temperature probe is not 
functioning, which sometimes occurs in very cold weather, conductivity data may not be as reliable. 
During these times, conductivity readings remain constant at the last value recorded when the 
temperature probe was ftmctioning. After comparing field conductivity data with lab conductivity 
data during times when the temperature probe was and was not working, it was determined that 
the field and lab conductivity differ by about 1 5-20%, on average, regardless of the status of the 
temperature probe. Given that conductivity is already relatively low in both streams, is variable 
regardless of the status ofthetemperatureprobe, and that the periods when the temperature probe 
is not functioning usually last less than one day, continuous conductivity data is still considered 
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acceptable and is used for fonning mass transport models in Chapter VI. 
Weekly Data 
Distributions of weekly samples for each analyte are shown by year in Figure 4- 1 0. It 
should be noted that only seven samples were collected in 199 1 ;  it is difficult to accurately compare 
analyte distributions for this year with those from other years due to the small sample size. In 
addition, data for 1998 extend only through August of that year. Therefore, more emphasis will 
be placed on trends that occur from 1 992 to 1 997. pH fluctuates slightly over the period of 
record, with the SW pH being consistently higher than the NE pH. Nitrate exhibits a very 
interesting overall trend. From 1 991 through 1 994, there is a distinct drop in stream nitrate levels. 
A somewhat similar trend is seen for sulfate, for which there was a decreasing trend from 1 991 
to 1993, then an increase in 1 994 and subsequent "leveling" in concentration for the remaining 
period of record. Sodium shows an increase in concentration during the same early period, 1 991-
1 994, and then levels out. Yearly trends for other constituents can be found in Figure 4-1 0. 
Statistical support for these time trends through multiple linear regression is presented in Chapter 
VI. 
Distributions for each weekly sample analyte by season are shown in Figure 4- 1 1 . In 
addition, results of the Marm-Whitney U test to detect statistical differences in constituents among 
seasons for a given stream are shown in Tables 4- 1  and 4-2. These tables report the significance 
level, orp-value, of the comparison of constituent distributions between any two seasons. The null 
hypothesis in these tests is that constituent distributions for any two seasons have the same median. 
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Figure 4-10 (continued). Distributions of weekly sample constituent concentrations by year for the 
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Figure 4-1 1 .  Distributions of weekly sample constituent concentrations by season for the SW and 
NE streamlets, 1 991- 1998. 
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Figure 4-1 1 (continued). Distributions of weekly sample constituent concentrations by season for 
the SW and NE streamlets, 1991- 1998. 
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Table 4-1 .  Statistical differences in weekly sample analytes by season for the SW stream. 
Stream Constituent Winter- Spring Winter-Summer 
Note: P-values are bolded and boxes are shaded if the constituent distributions are statistically equal for the two seasons listed 
Spring-Fall Summer-Fall 
0\ 10 
Table 4-2. Statistical differences in weekly sample analytes by season for the NE stream. 
Stream Constituent Winter- Spring Spring-Fall 
NE 
Note: P-values are bolded and boxes are shaded if the constituent distributions are statistically equal for the two seasons listed 
Summer-Fall 
and the constituent distributions are statistically similar for the two seasons tested. 
In Figure 4-1 1 ,  the graph of pH shows an increasing trend through the year, with the lowest 
values in the winter and highest values in the fall; these two seasons are statistically different (p = 
0.000) with respect to pH. ANC also increases as the year elapses, with the lowest values and 
the most outliers occurring in the winter. ANC distributions are statistically different for all season 
combinations except for winter-spring for the NE stream and summer-fall for the SW stream. 
Conductivity is lowest in the spring and highest in the winter, and conductivity distributions for these 
two seasons are statistically different (p = 0.000). For nitrate, there is greater variability in the 
winter and spring; concentrations for this analyte are also higher during this period. Nitrate 
concentrations reach a low in the summer, during the growing season, and then start to rise again 
in the fall, when vegetation starts to become dormant. Nitrate distributions are statistically different 
for all seasons except spring and fall, when they are highly similar (p = 0.929 for NE stream). 
Sulfate concentrations are statistically lowest in the summer and highest in the winter, and sulfate 
distributions are statistically different (p = 0.000 for NE stream) for these seasons. Sodium 
exhibits a slight increasing trend throughout the year. Aluminum and silica both exhibit fairly wide 
distributions. Aluminum is highest in the summer and lowest in the fall, and these two seasons 
produce statistically different (p = 0.001 for NE stream) aluminum distributions. It is surprising that 
aluminum does not follow the same statistical patterns as pH, as it is hypothesized that aluminum 
is mobilized from the soil as pH decreases, usually during rainfall events. Silica increases fairly 
steadily throughout the year; it follows the same statistical pattern as flow in that distributions are 
statistically similar for winter-spring and for summer-fall. In most cases, the NE stream receives 
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the higher analyte concentrations. The SW stream, however, receives higher silica concentrations. 
Seasonal relationships for other constituents can be found in Figure 4-1 1  and Tables 4-1 and 4-2. 
Distributions for each analyte by month are shown in Figure 4-12. The graph for pH 
shows that it reaches a high in October, which is one of the periods ofleast rainfall, and a low in 
December and January. As expected, ANC also follows this trend. Conductivity is lowest in May 
and highest in December, though again, there is little overall change throughout the year. Nitrate 
is highest in December and January, again when most vegetation is dormant and nitrate is allowed 
to build up in the soil, and is lowest in May, June, and July, which is the growing season. Sulfate 
is lowest in July and is highest in December. Sodium is highest in October, probably because of 
predominantly baseflow conditions, and is lowest in December and January. Ammonium shows 
greater variability and high outliers in June and July. As with the seasonal distributions, aluminum 
and silica both exhibit wide distributions throughout the year. Aluminum appears to be highest in 
April and lowest in August and September, while silica is highest in September and the other late 
summer/early fall months and is lowest in May and the other spring months. No significant monthly 
trends are observed for potassium. 
More support for seasonal trends is made through a regression analysis with seasonality 
terms (sine e and cosine 9) only on weekly data loads and concentrations. Tables 4-3 and 4-4 
show results of this regression analysis. Results for both loads and concentrations are presented 
here; however, since this chapter focuses mainly on concentration data, further discussion of trends 
in loads can be found in Chapter VI. Figure 4-1 3  shows scatter plots of actual nitrate and 
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Figure 4-12. Distributions of weekly sample constituent concentrations by month for the SW and 
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Figure 4-12 (continued). Distributions of weekly sample constituent concentrations by month for 






� 0 ... G) 
60.0 c.. ., 
o8 � c � �  G) 1 50.0 ::J 
�!!! 
C"" 
e .!:! 40.0 E 
.E 
.!i 
30.0 0 � 0 0 
z 0 o o * o 0 
20.0 0 . sw 
1 0.0 � NE . 





� * 0 ... 
0 G) 0 0 c.. 60.0 
.!! * 0 * c 0 0 8 � 0 .ii!: 50.0 i 1 ::J C"" G) e .!:! 40.0 E .5 � ' IIi iii 30.0 :!::: ::J C/) 
20.0 . sw 
1 0.0 . �NE 
2 3 4 5 6 7 8 9 1 0  1 1  1 2  
Month 
Figure 4-12 (continued). Distributions of weekly sample constituent concentrations by month for 
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Figure 4-12 (continued). Distributions of weekly sample constituent concentrations by month for 
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Figure 4-12 (continued). Dis�butions of weekly sample constituent concentrations by month for 
the SW and NE streamlets, 1991-1998. 
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Table 4-3. Coefficients of the concentration regression model with seasonality only and times of 
year when seasonality function reaches maximum and minimum values. 
Analyte Coeff. on Coeff. on b,lb2 Approx. Approx. Amplitude/ 
(cone.) Sin S Cos 9 Day of Day of Range 
(b,) (b,) Maximum Minimum (ueu!L) 
Chloride -0.09663 0. 1 01 -1 .045 Nov 1 6  May 18 3.72 
Nitrate 0.02630 0. 103 3.9 1 6  Jan 1 5  July 1 7  9. 15 
Sulfate 0.01 294 0.03477 2.687 Jan 22 July 21  2.17 
Sodium -0.06557 -0.01 1 69 0. 1 78 Sept 2 1  Mar 2 1  3.35 
Ammonium 0.527 -0.470 -0.892 May 1 4  Nov 1 1  2.78 
Potassium -0.06 147 0. 1 89 -3.075 Dec 1 3  June 1 3  3 .03 
Hydrogen 0. 1 55 0.266 1 .7 1 6  Jan 3 1  Aug 1 0.90 
Ion 
Aluminum 0.234 -0.288 - 1 .23 1 May 23 Nov 22 2.74* 
Silica -0.053D3_ -0.04463 0.8A2 AuQ: 21 Feb 19 B.31* 
*Units of amplitude for alummum and silica are giVen in f.Lmoi/L. 
Table 4-4. Coefficients of the load regression model with seasonality only and times of year when 
seasonality function reaches maximum and minimum values. 
Analyte Coeff. on Coeff. on bl/b2 Approx. Approx. Amplitude/ 
(load) Sin 9 Cos 9 Day of Day of Range 
(b,) (b,) Maximum Minimum (eq/sec) 
Chloride 0.24 1 0.407 1 .689 Jan 3 1  Aug 1 4.42E-5 
Nitrate 0.364 0.409 1 . 1 24 Feb 1 0  Aug 1 1  1 .68E-4 
Sulfate 0.35 1 0.340 0.969 Feb 1 7  Aug 1 7  l .OOE-4 
Sodium 0.272 0.293 1 .077 Feb 1 2  Aug 14 7.01E-5 
Ammonium 0.71 2  -0. 1 38 -0. 1 94 Apr 12 Oct 1 2  9.40E-6 
Potassium 0.276 0.494 1 .790 Jan 29 July 3 1  3.06E-5 
Hydrogen 0.493 0.571  1 . 1 5 8  Feb 1 2  Aug 1 2  8.06E-6 
Ion 
Aluminum 0.45 1 -0.00956 -0.02 12 Apr 1 Oct 2 1 . 1 1E-5* 
Silica 0.170 0.206_ 1.2U _F_eh 9 Aug 11 1.09E-4* 
*Units of amplitude for aluminum and silica are given in mol/sec. 
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Figure 4- 1 3 .  Seasonal sine/cosine wave functions for nitrate (top) and 
hydrogen ion (bottom) concentrations in the SW stream. 
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These constituents, particularly nitrate, are closely fit with the sine/cosine function and therefore 
exhibit distinct seasonal trends. These plots are presented for other constituents concentrations and 
loads in Figures A-3 and A-4 in the Appendix. Plotting the sine/cosine wave allows one to 
detennine at what time of the year each constituent reaches maximum and minimum concentration 
or load. For example, for nitrate concentrations, the sine/cosine wave reaches a maximum around 
Julian day 15, or January 1 5,.and reaches aminimum aroundJulian day 1 98, or July 17 ( see Figure 
4-1 3  and Table 4-3). Hydrogen ion concentrations reach a maximum around Julian day 31, or 
January 31, and reach a minimum around Julian day 213, or August 1 .  For all regressions, the 
overall regression and coefficients on the sine/cosine terms were significant at an a level = 0.05. 
The significance levels, or p-values, for the overall regressions are noted on each figure. Though 
r-squared values are low for each regression, this analysis still serves to explain some of the 
variability in the data. For example, seasonality explains approximately 23.3% of the variability, 
or a range ( determined by the amplitude) of 9. 1 5  f.!eq/L, in nitrate concentrations. Likewise, 
seasonality explains approximately 19. 1% of the variability, or a range of 0.90 tJ.eq/L, in hydrogen 
ion concentrations. Coefficients on the sine/cosine functions in Tables 4-3 and 4-4 can show 
whether concentration or load data more closely follow a sine wave or a cosine wave. For 
example, the coefficient ratio (b1/b2) for nitrate, 3 .916, shows that the seasonal pattern matches a 
cosine wave four times more closely than it matches a sine wave. Results from the regression 
analysis agree with comments made earlier based on distribution plots; predicted maximum and 
minimum concentration values match closely with observed values. 
Overall descriptive statistics for weekly sample concentration data are given for the S W 
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and NE streams in Tables 4-5 and 4-6, respectively. The order in which anions dominate 
streamwater chemistry at NDW is as follows: 
The order in which cations dominate streamwater chemistry at ND W is as follows (excluding 
calcium and magnesium): 
It is apparent that most of these weekly samples are captured during baseflow conditions, 
for the mean corresponding flow for both streams is very similar, while it is known from continuous 
data that flow is not always similar. Table 4-7 presents the results of non-parametric Mann­
Whitney U tests that were performed on all weekly analyte concentrations and flow to detennine 
whether the SW and NE streams are statistically different. These tests also show that flow 
corresponding to weekly samples is statistically the same (p = 0.053) for both streams. It is 
thought that the two streams are statistically different in flow during storm events; again, these 
events are generally not well represented in the weekly samples. With respect to stream chemistry, 
the SW and NE streams are statistically different for all analyte concentrations except ammonium 
(p = 0.593). 
The constituent concentrations captured in the weekly samples are not all independent of 
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0. 1 2  0. 1 8  
5 .88 5.85 
13 .00 13 .26 
1 1 .88 1 1 . 84 
1 1 . 84 1 4 . 8 1  
42.43 43. 14 
28.27 29.66 
25 .39 25.52 
0.00 0. 8 1  
7. 1 2  8 . 1 4  
1 .32 1 .6 1  
4.74 4.61 
63.06 6 1 .03 
Standard 
Deviation Minimum Maximum lOth 
0.25 0.01 2.73 0.04 
0. 2 1  5 . 1 3  6.40 5.56 
2. 1 2  8.60 34.00 1 1 . 50 
6.42 - 1 3.79 42.4 1 4.78 
9.43 5.64 79.98 8.74 
6.72 24.37 65.72 36.03 
5.54 20.79 57.36 24.37 
4.24 1 1 .48 49.52 20.87 
2.2 1 0.00 23.96 0.00 
5 . 38 2.28 77. 82 5 .39 
1 . 00 0.40 7.4 1 0 .81  
2.57 0.48 1 1 . 1 8  0.79 
7.79 35.54 76.06 50.57 
Percentiles 
25th 75th 90th 
0.07 0.20 0.34 
5.74 6.00 6.09 
1 2. 20 1 3 .90 1 5 . 1 3 
7.99 1 6.06 19. 1 0  
1 0.04 1 5 . 1 9  23. 1 1  
38.47 46. 5 1  52. 1 2  
25.72 32.66 36.70 
23.38 27.40 30. 1 2  
0.00 0. 1 4  3 . 1 7  
6.05 8 .54 1 1 . 02 
1 . 00 1 . 82 2.75 
2.80 6.23 7.36 
56.78 65.57 69 .32 
Table 4-6. Descriptive statistics of weekly sample data for the NE streamlet, 1 99 1 - 1 998. 
Standard Percentiles 
Constituent Units Median Mean Deviation Minimum Maximum lOth 25th 75th 90th 
Flow cfs 0. 1 2  0.22 0.45 0.01 5 .02 0.03 0.06 0.22 0.39 
pH 5.65 5 . 6 1  0.24 4.73 6.26 5.30 5.47 5 .77 5 . 8 8  
Conductivity J.tS/cm 1 5.48 1 5 .60 1 .95 1 0.00 26.07 1 3 . 60 1 4.40 1 6.50 1 7. 66 
ANC J.leq/L 3 .90 3 .62 5.25 -2 1 .57 22.92 -2. 44 0.75 7.07 9.60 
Chloride J.leq/L 1 4. 1 7  1 8. 05 1 2.42 7.38 99. 1 8  1 0.71  12.21  1 7.99 28. 1 6  
Nitrate J.leq/L 47.3 1 49.22 7.66 20.02 74. 1 0  42. 1 6  44.3 8  54.26 59.26 
Sulfate J.teq/L 40.58 4 1 .92 7.04 25.99 73.91 34.99 37.29 45.06 5 1 .48 
Sodium J.leq/L 24.58 24. 64 4.06 1 3 .29 46. 89 1 9.87 22. 5 5  26.45 28.86 
Anunonium J.leq/L 0.00 0.85 2.07 0.00 1 5 .74 0.00 0.00 0.28 3 . 1 1  
Potassium J.leq/L 9.77 1 1 . 1 5  7.04 4.07 98 .03 7.69 8 .63 1 1 .26 1 3 .73 
00 II Hydrogen Ion J.lCQIL 2.24 2.90 2 .06 0.55 1 8 .62 1 .32 1 .70 3.39 5 . 0 1  w 
Aluminum J.lmol/L 4.84 5 .06 2.56 0.89 1 3 .40 1 .4 1  3 .74 6.77 8 .87 
Silica f.t.mo1/L 5 7.70 56.38 7.46 30. 1 3  72. 3 1  46.29 53.34 60.92 65 . 03 
Table 4-7. Statistical differences between NE and SW weekly sample 
streamflow and water 
Constituent P-value for NE/SW -StatisticaUy 




ANC 0.000 Different 
Chloride 0.000 Different 
Nitrate 0.000 Different 
Sulfate 0.000 Different 
Sodium 0.000 Different 
Ammonium Same 
Potassium 0.000 Different 
Ion 0.000 Different 
Aluminum 0.000 Different 
Silica 0.000 . · Different 
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one another; in fact, many are directly- or inversely-related. Tables 4-8 and 4-9 show Pearson 
correlation coefficients for all combinations of constituents in the weekly samples for both the SW 
and NE streamlets. Values are reported only if they are significant at the a =  0.05 confidence level 
and are bolded and shaded if significant at the a = 0.0 1  level. For both streams, strong 
correlations exist (a = 0.01 )  between flow and pH, ANC, nitrate, sulfate, sodium, and silica. 
Nitrate has strong correlations with flow and potassium, while sulfate has strong correlations with 
flow, pH, ANC, sodium, potassium, and silica Aluminum and nitrate show no correlation with pH, 
which again contradicts hypothesized behavior for these analytes. In addition, alwninum and nitrate 
are negatively correlated, yet they are expected to be positively correlated. On the other hand, 
aluminum and sulfate are positively correlated, which supports the hypothesis that increased 
concentrations of acidic anions will mobilize aluminum from the soil. Relationships for other 
constituents can be found in the tables. Significance among constituents is different for the NE and 
SW streams; some analytes are significant for one stream but not the other, or are strongly 
significant (a = 0.01)  for one but less significant (a = 0.05) for the other. 
Discussion 
Trends 
Most of the trends in the continuous data can be explained by seasonality. In general, 
lower pH and higher conductivity are seen during months with more rainfall, and the opposite is 
seen during the drier months, under mainly baseflow conditions. 
In the weekly data set, nitrate concentrations characterized by year show that from 1991 
through 1 994, there was a distinct drop in stream nitrate levels. A drop in soil nitrate levels also 
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occurred during this period, after most of the major Frasier firs were inflicted by the woody adelgid 
(Nodvin et a!. , 1995). Personal observations show that the death ofthese trees resulted in a 
"clearing" of the canopy, which then allowed increased growth in the understory. Many young 
Frasier firs in the understory grew rapidly during this period, and the woody adelgid inflicted little 
harm on them because they were not able to land on the smooth, undeveloped bark. Therefore, 
during this growth period, more nitrate was probably taken up by the trees. The trees' growth 
leveled off, causing also a leveling off of nitrate levels in the soil and streams. The trend for sulfate 
is somewhat similar to that for nitrate, yet the cause is believed to be rain- and flow-related. This 
is supported by the Pearson correlation coefficients between sulfate and flow in Tables4-8 and 4-
9. Sulfate has a highly significant positive correlation (0.678) with flow; therefore, in years when 
mean streamflow is decreasing, sulfate concentrations should also be decreasing. From Figme 3-1 , 
it is evident that the mean streamflow dropped steadily from 1991 -1993, then suddenly increased 
for 1994 and leveled out for the remaining period of record. This trend matches that for sulfate 
concentrations; thus, more sulfate was both input from the rainfall and flushed from the soil during 
high-rain, high-flow years. In low-rain, low-flow years, most ofthe sulfate that was deposited 
probably remained adsorbed to the soil. Sodium is also linked to flow; the Pearson correlation 
coefficient shows there is a highly significant negative correlation between these variables. Thus, 
one would expect higher sodium concentrations under baseflow conditions. In addition, the 
increase in sodi urn concentrations from 1991 - 1993 could be explained by the overall decrease 
in mean streamflow during this period. 
In general, pH and ANC are highest in the fall and lowest in the winter because of rainfall 
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patterns (less rainfall in the fall and more rainfall in winter) and related acid inputs to the watershed. 
In addition, pH may be highest in the summer and fall because of photosynthesis processes in 
vegetation in the stream. For example, moss growing on rocks in the stream will undergo more 
photosynthesis in the growing season; in this process, the moss pulls carbon dioxide from the water 
which will increase the pH somewhat. As was mentioned previously, higher nitrate concentrations 
are found in the stream in dormant seasons, when there is less vegetation to take up nitrate from 
the soil. Aluminum concentrations are expected to follow similar trends as nitrate, yet at times they 
exhibit opposite behavior. From past research at NDW and other watersheds, it is believed that 
input of acidic anions and accompanying drop in soil and stream pH causes aluminum to be 
mobilized from the soil (Cosby et al., 1985; Johnson and Lindberg, 1992). Therefore, seasonal 
and monthly trends for these analytes should be similar, yet they are not according to this analysis. 
One explanation for this is that mobilization of aluminum is not well represented in the weekly 
samples. As was mentioned in Chapter ill, Analysis of Flow Data, the high end of the flow 
spectrum is under-represented in the weekly samples. It is during these high flows that pH is 
expected to be lowest due to large fluxes of acidic anions from the rain itself and from the soil . 
Since aluminum is solubilized and mobilized at pH < 5.5, with concentrations increasing as pH 
decreases (Stumm and Morgan, 1981 ), clear relationships between acid anions, pH, and aluminum 
may not be seen in the weekly samples since they do not represent these periods ofhigh mobility. 
The median pH for the SW and NE streams are 5.92 and 5.68, respectively, and the minimum pH 
are 5.25 and 4. 73, respectively. The continuous data shows lower median and minimum pH for 
both streams. In addition, the period for which aluminum has been analyzed is shorter than the 
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period of record for other constituents; therefore, seasonal patterns may not be as easily defined 
or detected. 
Higher sulfate concentrations are higher in periods of more rainfall, generally in the winter, 
most likely because of the high concentrations present in the rainfall itself. Seasonal and flow­
related trends for sodium and silica are similar; they are both clearly found at higher concentrations 
in baseflow conditions and therefore are most likely present due to dissolution of minerals in the 
bedrock. 
Seasonal trends discussed in this chapter are in agreement with trends observed elsewhere 
in the Smoky Mountains National Park, particularly at high-elevation sights (e.g., Flum and Nodvin, 
1 995; Silsbee and Larson, 1 982). These trends are also supported by research at other high­
elevation watersheds such as the Leading Ridge catchment in Pennsylvania (Lynch and Corbett, 
1 989), yet research by Likens and Bormann ( 1995) at the Hubbard Brook Watershed noted 
opposite seasonal trends for sulfate. This is probably due to very different soil types in this 
watershed, which influence sulfate retention patterns. 
Research by Nodvin et al. (1 995) at NDW has shown that streams are poorly buffered 
against acidification, with the standard being a pH less than 6.0 and ANC less than 40 f.1eq/L. 
Research presented in this chapter supports this conclusion for chronic acidification, as the median 
pH is 5.92 for the SW stream and 5.68 for the NE stream. ANC of the weekly samples is always 
below 40 f.leq/L; the median ANC is 12.34 f.1eq/L for the SW stream and 4.57 JJeq/L for the NE 
stream. Drever ( 1 988) states that surface waters can be considered acidic if ANC becomes 
negative and pH drops below 5. The minimum pH recorded by the weekly samples in the NE 
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stream is 4. 73, and the minimum ANC for both streams is negative. Therefore, both chronic and 
episodic acidification is occurring in these streams. 
SW vs. NE Stream Conditions 
Though SW stream water quality has been monitored on a 15-minute basis for much longer 
than has NE stream water quality, data have shown that more dramatic changes in stream chemistry 
occur in the NE stream because of the greater amount of flow it receives in rainfall events. 
Therefore, a long-term record ofl 5-minute water quality data for the NE is invaluable, particularly 
for developing a complete comparison between the two streams. From the data that are available, 
it is apparent that the two streams behave differently. In most cases, the NE stream receives the 
higher analyte concentrations and lower pH and ANC, and it exhibits more dramatic relative 
changes in analyte concentrations overtime and flow regimes. In the case with silica, however, the 
SW receives the higher analyte concentrations. In addition, the mean temperature of the SW 
stream is 5° C lower than that of the NE stream. This could mean that the SW is generally 
controlled more by groundwater, and weathering of the sandstone by groundwater could produce 
the higher silica concentrations. In addition, as was mentioned previously, the SW stream short­
circuits its banks and contributes to higher flows in the NE stream, which probably also contributes 
to higher analyte concentrations and greater fluctuations in the NE stream. Additional reasons for 
statistical differences between the two streams could be that the soils surrounding the streams could 
be of slightly different composition, or depth to bedrock could be greater for the NE stream then 
the SW stream. Drainage patterns and areas could also be different; groundwater potentiometric 
gradients maybe more directed to the SW stream, yet during storm events, runoff source areas and 
9 1  
gradients may change, directing more flow toward the NE stream. Again, it would be extremely 
difficult to isolate drainage areas to each stream given the inter-<onnectivity of the streams in the 
upper elevations of the watershed. In addition, depositional patterns over the entire watershed and 
canopy density may vary, which also may explain some of the differences in chemical 
characteristics of the two stream. 
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CHAPTER V. HYDROLOGIC INFLUENCES ON WATER QUALITY 
Flow data were summarized in Chapter ID and related somewhat to temporal trends in 
water quality in Chapter IV. This chapter focuses fintheron hydrologic influences on water quality 
in NDW, including changes in constituent concentrations over the hydro graph and during storm 
events and possible effects of flow pathways on water quality. 
Data Sources 
fu general, weekly grab sample concentration data and corresponding streamflows from 
November 1 991 through August 1 998 were used in the analysis in this chapter. To examine the 
behavior of analytes during high flow periods, a storm event study was conducted from October 
3 1  through November 5, 1 995. Samples were collected in the NE stream using automated 
sampling equipment and were analyzed for pH, conductivity, ANC, nitrate, sulfate, chloride, 
sodium, ammoniwn, potassium, magnesium, and calciwn. In addition, the Hydro lab monitoring unit 
on the SW stream analyzed for pH and conductivity during this period. Relationships between 
AMC, precipitation, and sulfate and nitrate were examined by using weekly sample concentration 
data along with daily precipitation readings from a Belfort rain gage from November 1991 through 
December 1 995. 
Methods of Analysis 
Nearly all analyte concentrations measured in the weekly samples are affected by 
fluctuations in streamflow. Therefore, it is important to characterize samples according to the flow 
regime l.Ulder which they were collected. To accurately characterize location on the hydro graph, 
the continuous (I S-minute) flow record for the entire period was plotted on semi-log scale versus 
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time. The baseflow component of the hydro graph is shown as linear on this scale; this makes it 
possible to discern baseflow from the falling limb. A detailed example of this hydrograph 
separation procedure is provided in Figure A-5 in the Appendix. Because the NE and SW 
streams experience slightly different flow conditions, there were times that the samples collected 
at the same time for each stream were collected under different flow regimes. For this reason, 
distributions of analytes for both streams cannot be shown on the same graphs. Statistical tests for 
determining differences in constituent concentrations based on location on the hydro graph were 
conducted using SPSS statistical software. Concentration data were tested for normality through 
the Kolmogorov-Smimov test; since data were non-nonnal, a non-parametric Mann-Whitney U 
test was performed. Descriptive statistics for all data sets were computed using SPSS. 
In the analysis to detect relationships among precipitation, AMC, and sulfate and nitrate 
concentrations, inches of rainfall that occurred since the last sampling date was computed for each 
weekly grab sample. In general, the rainfall that was recorded on a given sample date was 
assumed to have occurred after the sample was taken because it was impossible to know exactly 
when the rain occurred. The number of consecutive days with no rain was also counted for each 
weekly sample to establish a rough estimate of AMC; this value at times overlapped with the 
previous week's value. That is, the total number of consecutive dry days preceding a sampling 
date was assigned to that sample, not just the number of consecutive dry days since the last 
sampling period. These relationships were analyzed using simple linear regression. 
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Results 
Statistical and Graphical Analysis of Analytes Versus Flow and Flow Regimes 
Full distributions of weekly sample analytes based on location on the hydro graph when 
collected are shown in Figure 5-l for the SW stream and in Figure 5-2 for the NE stream. In 
addition, results of the Mann-Whitney U test to detect statistical differences in constituents among 
locations on the hydrograph are shown in Table 5-1 for the SW stream and Table 5-2 fortheNE 
stream. 
As expected, pH is statistically lower (p = 0.000) on the rising and falling limbs of the 
hydrograph than in baseflow. In addition, pH drops to more critical levels in the NE stream than 
in the SW stream. Conductivity is statistically higher (p = 0.034) on the rising limb than in 
baseflow. ANC follows much the same pattern as pH. Chloride changes. little over the 
hydrograph; distributions are statistically similar for all components of the hydrograph, except in 
the NE stream, where distributions for baseflow and the falling limb are different (p = 0.01 8). For 
nitrate, there appears to be a pronounced "flush" through the stream as the hydrograph rises, then 
a dilutional effect brings nitrate levels back down, sometimes below baseflow levels, as the 
hydro graph falls. However, statistical comparisons show that nitrate distributions are similar for 
all components of the hydro graph. Sulfate is statistically higher (p = 0.000) on the rising and falling 
limbs than in baseflow, and there appears to be no dilutional effect as with nitrate. Though aluminum 
appears to increase as the hydrograph rises, the difference in aluminum distributions is statistically 
similar (p = 0. 136 for NE stream) between baseflow and the rising limb. Silica is statistically lower 
on the rising and falling limbs than in base flow. Relationships between the hydro graph and other 
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Figure 5-1 .  Distributions of weekly sample constituent concentrations by location on the 
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Figure 5- 1 (continued). Distributions of weekly sample constituent concentrations by location on 
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SW Stream, location on hydrograph 
Figure 5-1 (continued). Distributions of weekly sample constituent concentrations by location on 
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Figure 5-l (continued). Distributions of weekly sample constituent concentrations by location on 
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SW Stream, location on hydrograph 
Figure 5-l (continued). Distributions of weekly sample constituent concentrations by location on 

























SW Stream, location on hydrograph 
Figure 5-1 (continued). Distributions of weekly sample constituent concentrations by location on 
the hydrograph for the SW streamlet, 199 1 - 1 998. 
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Figure 5-2. Distributions of weekly sample constituent concentrations by location on the 
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NE Stream, location on hydrog raph 
Figure 5-2 ( continued). Distributions of weekly sample constituent concentrations by location on 
the hydrograph for the NE streamlet, 1 991-1998. 
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NE Stream, location on hydrograph 
Figure 5-2 (continued). Distributions of weekly sample constituent concentrations by location on 
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NE Stream, location on hydrog raph 
Figure 5-2 (continued). Distributions of weekly sample constituent concentrations by location on 
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NE Stream, location on hydrograph 
Figure 5-2 (continued). Distributions of weekly sample constituent concentrations by location on 
the hydrograph for the NE streamlet. 1991- 1998. 
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NE Stream, location on hydrograph 
Figure 5-2 ( continued). Distributions of weekly sample constituent concentrations by location on 




Table 5- l .  Statistical differences in weekly sample analytes by location on the hydrograph for the SW stream. 












Note: P-values are bolded and boxes are shaded if the constituent distributions are statistically equal for the 
two hydrograph components listed 
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Note: P-values are balded and boxes are shaded if the constituent distributions are statistically equal for the 
two hydrograph components listed 
analytes are included in Figures 5-1 and 5-2 and Tables 5-1 and 5-2. For all analytes, distributions 
are statistically similar between the rising and falling limbs of the hydro graph. It should be noted 
here that the strength of the statistical comparisons presented in Tables 5-1 and 5-2 is limited by 
the fact that only 6% ofthe weekly samples were taken on the rising limb of the hydro graph. 
In order to detect flowpaths of runoff in the watershed and associated chemical signals, soil 
lysimeter data from 1992 - 1998 were summarized and examined. The mean and median 
constituent concentrations in soil water data at the three monitored soil horizons are presented in 
Table 5-3. Median concentration values will be discussed here, given that concentration data are 
generally not normally distributed. Median nitrate concentrations are highest in the upper soil zone, 
while median sulfate concentrations are highest in the middle soil zone. Sulfate concentrations are 
higher than nitrate concentrations in all layers except the uppermost zone. Median potassium and 
chloride concentrations and conductivity are highest in the upper zone. Median ammonium 
concentrations are detected only in the upper zone. Higher median sodium concentrations are found 
in streamwater than in the soil; this supports the conclusion that sodium is observed primarily in 
groundwater. Study of flowpaths would benefit greatly by having calcium and magnesium data, 
as they are primary base cations found in the soil and bedrock, yet again, these data are not 
included due to current QNQC problems. 
Analvte Responses During a Storm Event. October 3 1  - November 5. 1 995 
As was mentioned in Chapter IV, while temporal trends in constituents may be apparent 
bycollection ofweeklysamples, behaviorofthese constituents duringhigh-flowperiods and storm 
events has not been fully characterized. Therefore, it is important to examine how each constituent 
1 1 0 
Table 5-3. Soil solution water quality data from 1 992 - 1 998 for three soil horizons. 
A Horizon (1 0 em) Bw Horizon (20 em) CB Horizon (50 em) 
Constituent Units Mean I Median Mean I Median Mean I Median 
pH 4.02 4.03 4.49 4.44 4.50 4.48 
Conductivity �/em 69. 85 59. 1 0  35.42 33 .55  33.38 33.50 
Chloride f.J.eq/L 28.33 1 9. 70 30.40 1 9. 1 4  23.22 1 5 .42 
Nitrate f.J.eq/L 1 34.53 97.73 71 .40 60. 55 79.30 71 .34 
Sulfate f.J.eq/L 1 04.23 92.62 1 09.46 99.23 1 00.55 95.55 
Sodium f.J.eq/L 21 .78 1 8.55 22. 07 1 8. 1 5  1 9. 84 1 6.54 
Ammonium f.J.eq/L 2.24 0.45 2.23 0.00 0.83 0.00 
Potassium f.J.eq/L 22.30 1 8. 84 1 1 .08 5.92 1 1 .30 8.54 
1 1 1  
concentration responds as the hydro graph rises and falls. Episodic extremes in concentrations may 
in fact control which fish and benthic species can survive in this watershed. To examine the 
behavior of analytes during high flow periods, a storm event study was conducted from October 
3 1  through November 5, 1 995. 
Figures 5-3 - 5-9 show the analyte concentrations, in addition to temperature and 
precipitation, over time during the storm event. Three distinct peaks in flow occurred; for both 
streams, the last peak was the largest, yet unfortunately, a sample was not collected for the apex 
of this portion of the hydrograph. The flow is noticeably higher (5.8  cfs vs. 2.7 cfs) and the 
watershed response is much more dramatic for the NE stream than for the SW stream. pH 
decreases dramatically in both streams as the hydrograph rises, dropping a whole pH unit in the 
NE stream to a minimum of 4.9. ANC also follows this trend; median ANC in the NE stream is 
negative and decreases to a minimum of -7.6 J.leq/L. Therefore, the stream's buffering capacity 
is reduced as acidic rainfall and runoff enter the streams. Baseline conductivity in both streams is 
already low, due to the sandstone bedrock's resistance to weathering and therefore low dissolved 
mineral content in the grmmdwater. During the storm, the conductivity rises most notably during 
the first peak of the hydrograph, then returns to baseline levels soon after the storm. It appears that 
the rise in conductivity is due to flushing of dissolved constituents from the vadose zone. In the NE 
stream, nitrate and sulfate exhibit interesting behavior. Nitrate levels rise during the first peak of 
the hydro graph, then decrease and then level off over the remaining peaks of the hydrograph. This 
"dilutional effect" shows that nitrate is very mobile in the watershed and gets flushed into the stream 
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Figure 5-3 . Precipitation and streamflow response during a storm event, October 3 1  - November 5, 
1995, for the SW and NE streamlets. 
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Figure 5-4. _ pH and. streamflow response during a storm event, October 3 1 -. November 5,_ 1995, for the 
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Figure 5-5. Conductivity and streamflow response during a storm event, October 3 1  - November 5, 
1 995, for the SW. and NE streamlets. 
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Figure 5-6. Acid neutralization capacity response during a storm event, October 3 1  - November 5, 
1 995, for the NE streamlet. 
7.0 , . . . . ..................... ......................................................................................................................... ............... ................................................................................................... ......... 80 
- - - SW Fiow 
--- NE Flow I 0 6.0 + 1 lC NE Nitrate 70 o NE Sulfate lC r1 &' lC 0 � . . 0 
"C 
lC 
0 I I  60 � c: 0 0 .. ct 
o s.o . lC , -1 oo o o I» 0 0 0 I 0 0 ct. Q) I lCJ:wO 0 0 0 1/) 0 : ... 0 � � o \ zll*:.:ll:.:o00o oo o0 o 0o 50 5· o.. ; *llllz:.:e llo rP o 0°ollo 3 _ lC � · , •lC ll:oq, lC o -· 
� lC lC lC lC lC lC • fo.. h ll: lC lC lClClC 0 
Q) 4.0 
·\ 
I I ll: lC lC 0 -� • • o o o o o : • • i : II f\ : \ \. �ll: lC lC _g .g 0 t \ , , : 0 40 !:. 0 J l I : I � 
.E 3.0 I! \ ,. 1\ I \ � :: � \ . •  \ Cit -.J � I \ I \I t\ \ 30 � � 0 \ 0 � I  \ ;::;: � 2.0 I \ I'\ I \ \ � C/) ,. \ Ill I \ 20 I \ i1 \ I \ \ t' \i \ 
1 ·0 + 1 \.I' \....._ + 1 0  I '-� I ---. .._....  .._,� I 
0.0 � .... i ... 1 1 ''� I I t :1 I • + I j:: � 1 I I 1 � I I � I 1 1 I 1 1 � I 1 � I 1 � t 1 1 I 0 
304 305 306 307 
Julian Day 
























n II . I  
! 
+ • d " i i + • l i ! • + • + • + 
• + + • • • + 
" I ·rt j .l • • • •• • • • 










• • • 




: \ v \ 1\ • •• • •• 
• • •• • .,. • 
• • 
• • • I t. I • • • 
• ••• • • • • 
• • 
\ I t 
• • • • • • • • 
· I . �  1 1 
• 
(� \ ! I\ : I \ • • • � I \\ /1 � \ • • • �11 
\ 
. . . . . . 
\ 
. ....._ 
• • • 


















1 0  � 
5 
o.o � ... �(·: ij ��� )E 1 * ;; ·;; .. *., * 1 )(·::":::w:::jf, �; . 
304 
� t H rot lEt)( IK H 1 t )(�KH�O�IUO�OEK*H�OUHO(MHfHUiiHHUOO�HI>t�IEt t t 1 J 0 
305 306 307 
Julian Day 
Figure 5-8. Ammonium, sodium, chloride, and potassium response during a storm event, October 3 1  -
November 5, 1995, for the NE streamlet. 
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Figure 5-9. Aluminum and silica response during a storm event, October 3 1  - November 5, 1 995, 


















event. Sulfate levels rise with each peak of the hydro graph, and there appears to be no dilutional 
effect. Sulfate is less mobile than nitrate, and is released and flushed into the stream at a more 
controlled rate. Overall, sulfate concentrations rise 32.5 J.leq/L during the storm event. Sodium 
decreases sharply as the hydro graph rises; it is most likely a major component of groundwater and 
is not present in significant amounts in the vadose zone . Chloride and potassium exhibit similar 
behavior; both increase as the hydro graph rises, for all peaks . Aluminum concentrations also 
increase as the hydro graph rises, for all peaks, but silica decreases as the hydro graph rises. This 
is to be expected given that silica is released into the stream as the bedrock is weathered, and 
therefore should be present only in the baseflow component of the hydrograph. Aluminum 
concentrations rise 22.0 J.ll110l!L during the storm event, reaching a maximum of 25.9 f..llllOIIL, 
which is 12.5 J.llllOVL above the maxirnmn almninwn concentration observed in the weekly samples. 
Ammonium levels are constant at below the detection limit and do not seem to be influenced by 
flow. 
Descriptive statistics for each constituent during the period studied are listed in Table 5-4 
for the NE stream and in Table 5-5 for the SW stream. Perhaps the most important statistics 
listed are minimum, maximum, and range, for they show how much a particular constituent 
concentration can change during a storm. A statistic for measuring relative variability, and for 
determining which constituents experience the greatest relative changes during a storm, is the 
coefficient of variation, which is simply the sample standard deviation divided by the sample mean. 
From this statistic, it appears that chloride and potassium concentrations show the greatest relative 




Table 5-4. Descriptive statistics for constituents in the NE streamlet during a storm event, 
October 3 1 - November 5, 1995. 
Standard 
Constituent Units Median Mean Deviation Minimum Maxim um 
Flow cfs 0.46 0.75 1.03 0.06 5.82 
pH 5.33 5.37 0.24 4.89 5.79 
Conductivity J.LS/cm 1 7.20 17.84 2.51 14.88 25.40 
ANC J.Leq/L -0.52 0.71 4.41 -7.55 9.37 
Chloride J.Leq!L 16.37 17.35 3.50 1 3 . 1 5  26.85 
Nitrate J.Leq/L 45.22 47.07 5.50 40.55 66.24 
Sulfate J.Leq/L 49.84 49.41 6. 1 1  39. 1 1  71 .57 
Sodium J.Leq!L 20.73 2 1 .42 2.92 1 6.01 30.67 
Ammonium J.Leq/L 0.00 0.00 0.00 0.00 0.00 
Potassium J.Leq/L 1 1 .36 1 1 .51 2.52 8.59 20.76 
Aluminum J.LmOI/L 6.47 7.47 4.02 3.93 25.94 
Silica J.Lmol/L 55.42 55. 1 3  6. 10  40.42 64.35 
Table 5-5. Descriptive statistics for constituents in the SW streamlet during a storm event, 
October 3 1  - November 5, 1 995. 
Standard 
Constituent Units Median Mean Deviation Minimum Maximum 
Flow cfs 0.26 0.44 0.51 0.09 2.74 
pH 5.47 5.56 0.30 5.01 6.3 1 














0. 1 1  
Coefficient of 
Variation 
1 . 14 
0.05 
0. 12 
measured in J.UllOVL, silica and aluminwn, aluminwn exhibits a much higher relative change. Nitrate, 
sulfate, and sodiwn have similar, yet lower, coefficients of variation, and therefore probably exhibit 
similar relative changes in response to flow. 
Analysis of Relationships between Sulfate and Nitrate Concentrations and Precipitation 
A test study was conducted using weekly sample data for sulfate and nitrate along with 
daily precipitation readings from 1991  to 1995. The purpose of this study was to identify 
relationships, if any, between these analyte concentrations and rainfall and number of consecutive 
dry days (CDD) prior to sampling. 
Sulfate and nitrate concentrations were plotted against inches of rainfall that fell since the 
last sampling visit (see Figures 5-1 0 and 5-1 1) in order to determine if either analyte concentration 
was significantly higher or lower depending on the amount of rainfall that occurred. From these 
figures, it is apparent that for each additional I"  of precipitation that falls since the last sampling visit, 
there is a 1 .08 JJ.eqiL significant increase in sulfate concentration for the SW stream and a 1 .32 
J.Leq!L significant increase for the NE stream. Relationships between nitrate and precipitation are 
not statistically significant; therefore, concentrations are not influenced by changing amounts of 
rainfall. 
Weekly samples were also divided into categories based on the number ofCDD before 
sampling; the distributions of sulfate and nitrate concentrations were then represented in box plots 
for each CDD category in Figures 5- 12  and 5-1 3, respectively. Regression equations for 
relationships between sulfate and nitrate and #CDD are included in these figures. It is apparent that 
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1---- NE stream: l 
y = 1 .3194x + 39. 107 ; 
I r' = o. 1 423 
! Significance of Coefficients: 
• 
Constant: p = 0.000 
Precip.: p = 0.000 
II 
• 
• �-- sw strea�-:---l .1 y = 1 .0828x + 27.729 1 
r' = 0. 1478 I 
i Significance of Coefficients: 1 
LCons�a�t: P_ = 0.000 ; !rec1p. .  p _:_ 0.000 1 
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Figure 5- 1 0. Relationship between weekly sample sulfate concentrations and precipitation since last 
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= -o.019x + 50.934 ! 
. (l I i = 2E-05 · :significance of Coefficients: : 
; Constant: p = 0.000 




SW stream: �� 
Y = -0.3863x + 45.501 
(l = 0.01 1 8  
Significance of Coefficients: 
Constant: p = 0.000 
Precip. : p = 0.121 
:•·sWl 
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Figure 5 - 1 1 .  Relationship between weekly sample nitrate concentrations and precipitation since last 
sampling period for the SW and NE streams, 1 99 1 - 1 995. 
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Regression Equations: 
SW: 
so4 = 30.823 - o.646 (#CDD) 
r = o.064 
Coefficient on constant: p = 0.000 
NE: 
S04 = 42.685 - 0.674 (#CDD) 
r = o.045 
Coefficient on constant: p = 0.000 
Figure 5-12. Distributions of weekly sample sulfate concentrations and associated regression 
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N03 = 44.076 - 0.495 (#CDD) 
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Coefficient on constant: p = 0.000 
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r = o.o21 
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Figure 5- 13.  Distributions of weekly sample nitrate concentrations and associated regression 
equations for the SW and NE streamlets based on number of consecutive dry days preceding 
sampling. 
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decrease in sulfate concentration for the SW stream and an 0.67 J.leq/L significant decrease for the 
NE stream. For the same unit increase in #CDD, there is an 0.50 1-1eq!L significant decrease in 
nitrate concentration forthe SW stream and an 0.54 J.leq!L significant decrease fortheNE stream. 
Though all relationships between nitrate/sulfate and #CDD are statistically significant (p < 0.05), 
low r values indicate that only a small percentage of the variability in nitrate and sulfate 
concentrations is explained by changes in #CDD. In addition, data for some of the CDD 
categories are limited and trends are more difficult to characterize for the higher CDD categories. 
Therefore, it would be useful to continue this study with more years of rainfall and concentration 
data. 
Discussion 
From the results of the analyses presented in this chapter, it is concluded that the majority 
of sodium and silica found in the streams is observed in the groundwater component ofthe 
hydro graph, and the majority of nitrate, sulfate, conductivity, potassium, chloride, and aluminum 
found in the streams is observed in the vadose and/or saturated soil zones components . . 
These 
relationships are supported by the Pearson correlation coefficients in Tables 4-8 and 4-9. 
Significant (p < 0.05) positive correlations with flow exist for conductivity, sulfate, and potassium 
in both streams and for aluminum in the NE stream. Significant (p < 0.05) negative correlations 
with flow exist for pH, ANC, chloride, nitrate, sodium, and silica for both streams. The 
relationships between flow and nitrate and chloride may seem to contradict hypothesized behavior; 
however, it is believed that the negative correlations are due to the "dilutional" effect on nitrate and 
chloride during stonn events. Swistock eta/. ( 1989) hypothesized that there should be a significant 
127 
difference in constituent concentrations for the same flow on the rising and falling limbs ofthe 
hydrograph; however, this analysis shows there is no significant difference for any analyte between 
the rising and falling limbs. This result is influenced by the small number of weekly samples 
collected on the rising limb of the hydrograph; therefore, clearer trends may be detected with a 
larger data set for the rising limb. 
The results of the stonn event study support results found in the analysis ofweeklysample 
constituents by flow regimes. Again, however, only a relatively small portion of the entire flow 
spectrum of the watershed is captured by the weekly samples, so the full spectrum of constituent 
concentrations cannot be represented by weekly samples alone. Episodic changes in constituents 
such as pH, ANC, and nitrate may in fact be of greater influence on aquatic life than chronic or 
long- term trends. It is known from continuous flow data that the maximum flow has been 26.8 cfs 
in the NE stream and 7.8 cfs in the SW stream. Since maximum flow during the storm event 
reaches only 5.8 cfs in the NE stream and 2. 7 cfs in the SW stream, it is evident that larger storms 
and perhaps greater episodic changes in water quality constituents occur at ND W. This particular 
stonn event may be considered an "average" event. During this event, median ANC is negative 
( -0.52 meq/L) and pH drops to below 5.0, the level at which streams are considered "�cidic" 
according to Drever ( 1 988). In addition, median pH is below 5.5, the level at which toxic forms 
of aluminum are solubilized and mobilized (Stumm and Morgan, 1981 ), hence the 22 JJ.eq/L 
increase in aluminum during the stonn event. 
Studies in other watersheds have shown that chemical signals of specific flow paths of 
runoff can be detected and isolated. Available data from streams at ND W are sufficient only for 
1 28 
limited detection offlowpaths; futw"e research should include the collection of water samples from 
groundwater, deep saturated soil zones, and shallow soil zones during a stonn event. Mulholland 
et al. ( 1990) observed that water from the vadose zone dominates stonn.flow early in the event and 
at peak flow, and water from the deep saturated soil zone dominates later in the storm. This 
produced chemical signals like elevated sulfate and decreased calcium early in the event, decreased 
sulfate and calcium later in the event, and decreased sulfate and elevated calcium once the stream 
returned to baseflow conditions. However, the stonn event study at NDW showed no dilution of 
sulfate concentrations. Studies in other watersheds show that on steeper headwater streams, the 
vast majority of stonnflow is generated by pre-event water in the upper soil zones (Swistock et al. , 
1 989). This could explain the elevated levels of sulfate, nitrate, and other constituents found at 
highest concentrations in the upper soil zones and the decreased levels of constituents found at 
highest concentrations in the deep soil zones and in groundwater. 
From average nitrate concentrations observed from all three monitored soil 1ayers, it is 
apparent that the median soil nitrate concentration is 1 .  7 times larger than the median SW stream 
nitrate concentration and 1 .5 times larger than the NE stream nitrate concentration. Likewise, the 
median soil sulfate concentration is 3.4 times larger than the median SW stream sulfate 
concentration and 2.4 times larger than the SW stream nitrate concentration. Therefore, sulfate 
is retained in the watershed more than nitrate. These results may also mean that a significant 
amount of sulfate and nitrate may enter the streams from precipitation directly on the channel and/or 
soil water from deeper zones, and perhaps some is contributed by groundwater. 
Results of the analysis of relationships between precipitation and sulfate and between 
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#COD and sulfate agree with hypothesized behavior. Studies by Lynch and Corbett (1989), 
Mulholland et al. (1990), Swistock et a/. (1989), and Collins et al. (2000) have shown that 
greater AMC causes greater sulfate export, primarily from water in the upper soil zones. Increased 
sulfate concentrations with increased rainfall prior to sampling could also be explained by sulfate 
in the rainfall itself. Results observed for nitrate and #COD agree with hypothesized behavior, as 
it would seem logical that a dry antecedent period would cause a decrease in nitrate concentrations, 
since contribution of water from the soil zone would decrease. However, the relationship between 
nitrate and precipitation does not necessarily agree with hypothesized behavior. Though no studies 
have focused on the use of nitrate as a tracer to detect flow paths due to the complex interactions 
with which nitrate is involved, it would seem logical that greater amounts of rainfall prior to sampling 
would contribute more nitrate to the stream, both from the rainfall itself and from water in the upper 
soil zones. One possible reason that the relationship between nitrate and precipitation is not 
significant is that if precipitation did occur in the past week, nitrate would have been mobilized and 
flushed from the watershed very quickly. Sulfate appears to be retained and flushed at a more 
controlled rate; therefore, trends would be detected over the week. 
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CHAPTER VI. PARAMETRIC MODELING OF WATER QUALITY 
CONSTITUENT CONCENTRATIONS AND LOADS 
The weekly sample data was used to calculate loads, or the total number of units flushed 
out of the watershed over a time period, of each constituent. This infonnation can be used to 
assess how constituents are retained in or released from the watershed and to assess downstream 
impacts of these loads. Loads were previously calculated using an "average" method, yet it is 
believed that a newly proposed method, a multiple linear regression-based model, is superior to 
the previous method. It is believed that the regression-based model provides greater accuracy 
because it considers the effect of several variables when making constituent load predictions. In 
the following sections, the procedures and comparison of results for both methods will be outlined 
and discussed. 
Data Sources 
The load and concentration regression models were fonned from weekly sample 
concentration data (chloride, nitrate, sulfate, sodium, ammonium, potassium, hydrogen ion, 
aluminum, silica) and corresponding flow, pH, and conductivity data for the SW stream. The 
corresponding flow, pH, and conductivity point values were read from the 1 5-minute Hydro lab 
data at the time when each weekly sample was collected. When calculating loads, the regression 
equations were applied to the 15-minute continuous data (flow, pH, conductivity, time, and 
seasonality) to calculate loads every 1 5  minutes. 
13 1  
Methods of Analysis 
Previous Load Calculation Method 
Previous load estimates were detennined by applying what will be termed a flow-weighted 
"average" method. Load estimates are calculated from weekly sample data, by computing the 
average analyte concentration between two consecutive weekly samples and multiplying that 
average concentration by the total volume of flow that occurred in the previous week. The total 
volume of flow is computed by summing the flows from the 1 5-minute continuous data and 
multiplying by the time (usually 7 days) elapsed since the last sample was collected. Each weekly 
load is calculated based on the following equation: 
Weekly Load (eq/ha) = C1 + C, * Vr * 
2 
l eg  * _1_ 
106 f.leq Aw 
(6-1)  
Where: C1 = Concentration of analyte in previous week's sample 
(f.leq/L) 
C2 = Concentration of analyte in current week's sample 
(f.leq/L) 
V r = Total volume of streamflow in previous week (L) 
Aw = Area of the watershed = 1 7.4 hectares 
These flow-weighted mean loads are then smnmed per month to determine a flow-weighted mean 
load in eq/ha/month. In the past, further calculations have been made to convert this load into a 
monthly and yearly flow-weighted concentration for each anal yte, according to the fo II owing 
equations: 
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Monthly Mean Concentration (J.Leq/L) = :E Weekly Loads (eg/ha) * 106 bJ.eg * Aw (ha) (6-2) 
:E Weekly Vf (L) 1 eq 
Yearly Mean Concentration (J.Leq/L) = :E Monthly Mean Concentrations (J.Leq/L) (6-3) 
This section, however, deals only with comparison of loads calculated from two methods; 
therefore, equations for monthly and yearly mean concentrations are provided only as supplemental 
information. 
Inherent problems with this "average" method are that variations in flow and other 
watershed influences are not considered, as the average analyte concentration is attributed 
uniformly to the streams for the previous week. It is evident from the storm event study in the 
previous section that analyte concentrations can vary dramatically during storm events; resolution 
in concentration changes is lost when the concentration is multiplied by a total volume of flow. 
In order to gain greater resolution and make more precise load calculations, a multiple 
linear regression-based model was formed from weekly data and applied to 15-minute data This 
procedure required that the model have fairly strong predictive power, so several independent 
variables were tested in the regression model to try to explain variability in each analyte load. 
Multiple Linear Regression Method, Load Model 
151 Trial: 
Each constituent load, which served as the independent variable, was determined by 
multiplying constituent concentrations by the corresponding streamflow, as follows: 
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Flow (Us) * Concentration (Jleq!L) * l eq/ 106 Jleq = Instantaneous Load (eq/sec) (6-4) 
Log transformations were then made on all variables in the regression (load of each 
constituent, flow, conductivity). The transformed weekly sample data were input into SPSS, in 
which a multiple linear regression analysis was performed to obtain equations in the following form: 
In (QC) = a + b ln(Q) + c ln(cond.) 
which when de-transformed is in the form: 
(QC) = ea Qb conde 
(6-5) 
(6-6) 
For each constituent regression model, r2 values and statistical significance (p < . 1  0) of the 
independent variables were noted. The regression equations for each constituent were then used 
with 15-minute flow and conductivity data to obtain loads at every 1 5-minute interval, with the 
following conversion: 
Instantaneous Load ( eq/sec) * 60 sec/1 min * 1 5  min = 
Load (eq during 1 5-minute interval) (6-7) 
These 1 5-minute loads were then summed by month and divided by the watershed area 
to obtain load in eqlhalmonth. 
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In some cases, 1 5-minute conductivity was unavailable due to malfunction of the 
datalogger. In such cases, regression analysis was conducted for each constituent load based on 
flow only. These equations were used to obtain a 1 5-minute load only when no conductivity data 
were present. 
2nd Trial: 
It was determined that a more accurate model might be formed by including variables to 
represent seasonality, time, and point-value pH. Therefore, the weekly sample data and 
corresponding flow and conductivitywere again used to form the regression model as above in the 
151 trial, but with additional independent variables included. The load of each constituent was again 
determined by multiplying concentration by corresponding streamflow, as follows: 
Flow (Us) * Concentration (J.Leq!L) * 1eq/106 J.Leq = Instantaneous Load (eq/sec) (6-8) 
The regression variables of load, flow, conductivity, and pH were transformed by 
calculating their natural log. An independent variable to represent long-term trends with time was 
introduced by detenniningthe Julian day, cumulative, on which each samp1ewas taken. The Julian 
day sequence begins with time = 0 on December 3 1 ,  1 990, at 2400 hrs (t = 1 on January 1 ,  
1991 ) .  This variable i s  cumulative in that it i s  not re-set to 0 at the end of  each year. 
Aseasonalitycomponentwasalso introduced by determining the fractional part of the year 
in which each sample was taken. For example, if a sample was taken on May 1 ,  1 995 (Julian day 
= 1 21 ), the fractional part of the year that had elapsed so far is 1 2 1/365 = 0.33 15. This value is 
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then multiplied by 21t to convert it to radians; this tenn is called e. The seasonality variable is then 
introduced into the regression as (b sine 8 + c cosine 8). 
The transformed weekly sample data and additional variables were input into SPSS, in 
which a multiple linear regression analysis was performed to obtain equations in the following form: 
In (QC) = I +  a t +  b(sine 8) + c(cosine 8) + d ln(Q) + f ln(cond.) + g ln(pH) (6-9) 
where: C is the concentration in eq/L 
Q is the streamflow in Us 
cond. is the conductivity in J..LS/cm 
pH is the sample pH 
I is the regression intercept 
In is the natural logarithm 
t is the time, in cumulative Julian days (t = 0 is December 
3 1 ,  1 990, at 2400 hrs) 
8 is the fractional part of the year, in radians 
a,b,c,d,f,g are the regression coefficients 
Specific regression equations are not listed because this trial was used to form the next set 
of regression equations, for which non-significant variables are removed. 
The 2nd trial regression model was checked formulticollinearityproblems by examining 
residuals plots, correlation coefficients among independent variables, the variance inflation factor, 
and condition indices. 
3rd Trial: 
Using the results of2nd trial, the multiple regression analysis was re-performed for each 
analyte load with only significant (p < 0 . 10) variables included for each respective load. 
Temperature was considered as a possible independent variable, but it was not included due to 
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gaps in the continuous record oftemperature data and because it is believed that seasonal changes 
are adequately represented by sin/cos e and flow. Because temperature data are usually missing 
for the winter record (due to dataloggermalfunction), using the temperature record in only spring, 
summer, and fall could bias the regression. 
After the regression models were re-run in SPSS, they were checked to be sure that the 
remaining variables were still statistically significant with respect to each load. Successive 
regression iterations were made until models included only variables that were significant. 
Multicollinearity problems were again assessed by examining correlation coefficients among 
independent variables, the variance inflation factor, and condition indices. 
Multiple Linear Regression Method, Concentration Model 
After the load regression model was created, it was thought that a similar model for 
predicting constituent concentrations would be useful, since aquatic life are probably most 
influenced by changes in concentrations. 
The procedures outlined for the 2nd and 3rc1 trials in the load regression model were 
repeated and adjusted to create a regression model based on concentration only. That is, the 
dependent variable was concentration, and possible independent variables were time, seasonality, 
flow, conductivity, and pH. 
Multicollinearity problems were again assessed by examining correlation coefficients among 
independent variables, the variance inflation factor, and condition indices. Residual plots were 
examined to note any further multicollinearity problems and to discover possible reasons for low 
r2 values; however, no significant trends or problems were observed. 
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Results 
Load Regression Model 
Table 6-1 shows the first trial regression equations for each constituent load, and Table 6-2 
shows regression equations based on flow only. Possible multicollinearityproblems associated with 
the third trial regression models are noted in Table 6-3, and full regression equations for the third 
model are listed in Table 6-4. The independent variables and their coefficients provide insight into 
the relative behavior ofloads and concentrations with changes in those variables. Some inferences 
about long-tenn time trends of constituents were made in Chapter N; the regression equations in 
this chapter statistically prove these time trends. The load regression equations listed in Table 6-4 
show that holding all other variables constant, the natural log of chloride load is increasing overtime 
at a rate of2.6E-4 units per day, and that as flow and pH increase, chloride loads also increase. 
The natural log of nitrate load is in fact decreasing overtime and a rate of7.9E-5 units per day and 
increases with increasing flow and conductivity. Sulfate loads follow the same patterns as nitrate, 
though sulfate loads decrease with increasing pH and there are no significant changes over time. 
The natural log of sodium loads is increasing over time at a rate of 3.6E-5 units per day and 
increases with increasing flow, conductivity, and pH. The natural log of ammonium load also is 
increasingwithtime at arateof7.4E-4unitsperdayand increases with increasing flow. Similar 
to sulfate, potassium loads show no significant changes overtime and increase with increasing flow 
and conductivity, yet potassium loads have no significant relationship with pH. Hydrogen ion loads 
follow the same pattern as potassium loads. The natural log of aluminum load is increasing over 
time at a rate ofl .3E-3 units per day, increases with increasing flow, and decreases with increasing 
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QC = (3 . 13 15E-6 * Q 0·915 * cond 0·598) 
QC = (3 .0463E-5 * Q0·963 * cond 0· 148) 
QC = (1 .5557E-5 * Q 1 . 125 * cond 0· 186) 
QC = ( 1 .7107E-5 * Q 0·903 * cond 0·195) 
QC = (5.964E-3 * Q 0·906 * cond-3·045) 
QC = (4.665E-7 * Q 1 .o2S * cond 1 .066) 
QC = ( 1 . 155E-7 * QL285 * cond 0·838) 
QC = (3 .2406E-3 * Q LOJ * cond ·2668) 
QC = (5.4571E-5 * Q0·913 * cond 0·08072) 
Key: (QC = load (eq/sec), Q = flow(Us), cond = conductivity (f.LS/cm)) 
r2 = 0.795 
r2 = 0.970 
r2 = 0.984 
r2 = 0.970 
r2 = 0.355 
r2 = 0.892 
r2 = 0.895 
r2 = 0.566 
r2 = 0.978 
Table 6-2. 1st trial de-transformed regression equations for the SW streamlet based on flow only. 
Chloride: QC = (1 .4404E-5 * Q 0·927) r2 = 0.787 
Nitrate: QC = (4.4368E-5 * Q 0·966) r2 = 0.970 
Sulfate: QC = (2.501 6E-5 * Q 1 . 129) r2 = 0.984 
Sodium: QC = (2.8149E-5 * Q 0·907) r2 = 0.969 
Ammonium: QC = (2.4559E-6 * Q 0·821) r2 = 0.306 
Potassium: QC = (7.0605E-6 * Q 1.047) r2 = 0.872 
Hydrogen Ion: QC = (9.7874E-7 * Q 1.303) r2 = 0.887 
Aluminum: QC = (3.6675E-6 * Q 0·981) r2 = 0.5 10  
Silica: QC = (6.6988E-5 * Q 0·915) r2 = 0.978 
Key: (QC = load (eq/sec), Q = flow{Us)) 
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Table 6-3. Summary of 3rc1 trial load regression model for the SW streamlet 
Constituent Variables Det. to be r..: Multicollinearity 
(Load) Sitmificant (p < .10) Problems? 
Chloride t, e, Q, pH 0.839 Correlation b/t 
independent variables 
VIF okay 
One high CI (202.5) 
Nitrate t, 8, Q, Cond 0.984 Correlation b/t 
independent variables 
VIF okay 
One high CI (202.5) 
Sulfate 8, Q, Cond, pH 0.986 Correlation b/t 
independent variables 
VIF okay 
One high CI ( 1 82. 77) 
Sodium t, 8, Q, Cond, pH 0.973 Correlation b/t 
independent variables 
VIF okay 
One high CI ( 1 82.77) 
Ammonium t, e, Q 0.622 Correlation b/t 
independent variables 
VIF okay 
One high CI (208.89) 
Potassium 8, Q, Cond 0.902 Correlation b/t 
independent variables 
VIF okay 
One high CI ( 1 82.77) 




· Aluminum t, 8, Q, Cond . 0.694 Correlation b/t 
independent variables 
VIF okay 
One high CI (23 1 .25) 
Silica t, Q, pH 0.983 Correlation b/t 
independent variables 
VIF okay 
One high CH244.33) 
Key: t = time (cumulative Julian days). a =  seasonality tenns, Q = flow (Us), Cond = conductivity (uS/em), 
pH = pH, VIF = variance inflation factor, CI = condition index 
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Table 6-4. 3rd model load regression equations for the SW streamlet. 
Chloride: In (QC) = -13.706 + 2.576£-4 t - 5 .44£-2 sin 8 + 0. 1 8  cos e + 0.936 ln Q + 
1 .225 ln pH 
De-transformed: QC = 1 . 1 1 57£-6 * e 2.576E-4 t  * e -5.44E-2sin 9  * e o. I8cos 9  * Q0.936 * pH1.22s 
r • o.s39 
...... -·--···-.... ·---.,..-.-·---..... ......... ___. ............................. �.--..... --..... � ........ ,. ................................ ________ _____ _ 
Nitrate: In (QC) = -10.232 - 7.91 2£-5 t + 5 .422£-5 sin 8 + 0. 1 06 cos e + 
0.93 1 ln Q + 0. 148 1n cond. 
De-transformed: QC = 3.60£-5 * e -7.912E-5t * e 5.422E-5sin 9 * e o. I06cos 9  * Q0.93 1  * cond0. 148 
r =-= 0.984 
·------· ... ----·---�----- --··-···-··--··-···-----·-·---.. -·--····--········-·····-··--····-········--··--·· 
Sulfate: In (QC) = -8.61 1 - 3.488£-2 sin 8 - 2.889£-2 cos 8 + 1 . 1 12  In Q + 
9.089E-2 1n cond - 1 .246 ln pH 
De-transformed: QC = 1 .8209£-4 * e -3.488E-2sin 9 * e -2.889E-2cos 9 * Q1 . 1 12 * cond0.09089 * pH·I.2
46 
__ , _____ f_=:;..Q-:216 . . .... 
Sodium: In (QC) = - 1 3.05 + 3.552£-5 t - 1 .936£-2 sin e +  2.888£-2 cos e + 
0.928 ln Q + 0. 1 8  In cond. + 1 . 1 5  In pH 
De-transformed: QC = 2. 1501£-6 * e 3.552E-5 I * e -1 .936E-2sin 9 * e 2.888E-2cos 9  * Q0.928 * condO. I S * 
pH 
u s  
. 
r= -----·----�21l..- ---·---·---·······---·---··-----·-·--·· .. ---··---· .. ··----· .. ··· 
Ammonium: In (QC) = - 13 .973 + 7.353£-4 t + 0.48 1 sin 8 - 0.341 cos 8 + 0.806 ln Q 
De-transformed: QC = 8.5428£-7 * e 7.353E-4t * e 0.48 lsin 9 * e -0.341cos 9 * Q0.806 
r = 0.622 
········-·-·-······-····-········-············-···············································································--····················································· 
Potassium: In (QC) = - 13 .98 - 0.02635 sin 8 + 0. 143 cos 8 + 1 .008 ln Q + 
0.845 In cond.- 0.225 In pH 
De-transformed: QC = 8.4833£-7 * e -0.02635sin 8 * e 0. 143cos 9 * QI .OOS * cond0.845 
......... _ ... _ .. __ ...r. .. �.Q� __ .. ___  ................................. -................................ -.................................... . 
H+ ion: In (QC) = -1 5.837 + 0. 1 13  sin 8 + 0. 1 53 cos 8 + 1 .233 In Q + 
0.8 14 1n cond. 
De-transformed: QC = 1 .3246£-7 * e o.msin 9  * e o.I s3cos 9  * QJ.233 * condo.sl4 
....... ·-----····r.· = .PJISI ·----·--···-····-··-···············-····-··-·---··-··-.. ····-··--·······-----···-·--···· 
Aluminum: In (QC) = - 1 1 .287 + 1 .346E-3 t + 7.658E-2 sin 8 - 0.2 12  cos 8 + 
1 .001 In Q - 1 .066 1n cond 
De-transformed: QC = 1 .2535£-5 * e 1 .346E-31 * e o.o7o58sin 9 * e -0.212cos 9 * Q1.001 * cond·I.066 
-·--·--·----·-� ..... -....................................................... --.. -·- -·------··-·--·----······ 
Silica: In (QC) = -1 1 .628 - 1 .543£-4 t + 0.947 1n Q + 1 .2 1 1 ln pH 
De-transformed: QC = 8.913£-6 * e - 1 .543E-4 I *  Q0.947 * pW·21 1 
r =  o.98o 
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conductivity. Aluminwn loads show no significant relationship with pH; again, this is particularly 
swprising, as increasing acidity in the watershed is believed to mobilize aluminwn from the soil into 
the stream. The natural log of silica load is increasing overtime at a rate of 1 .5E-4 units per day 
and increases with increasing flow and pH. Silica is the only constituent that shows no significant 
seasonal trends in the presence of the other independent variables. 
Load calculations made from the average and regression methods and summed per month 
for 1 993 and 1 994 are shown in Table 6-5. For this test period and in comparison with the 
regression-based model, the "average" method produced higher estimates of chloride, nitrate, 
sodium, aluminum, and silica, and lower estimates of sulfate, ammonium, hydrogen ion, and 
potassium. 
Concentration Regression Model 
Possible multicollinearity problems for the final concentration regression model are noted 
in Table 6-6, and full regression equations are listed in Table 6-7. The concentration regression 
equations in Table 6-7 show that holding all other variables constant, the natural log of chloride 
concentration is increasing over time at a rate of2.6E-4 units per day and that it decreases with 
increasing flow and increases with increasing pH. The natural log of nitrate concentration is 
decreasing over time at a rate of7 .9E-5 units per day, increases with increasing conductivity, and 
decreases with increasing flow. Sulfate concentrations show no significant changes overtime, but 
they increase with increasing flow and conductivity and decrease with increasing pH. The natural 
log of sodiwn concentration is increasing over time at a rate of3.6E-5 units per day, increases with 
increasing pH and conductivity, and decreases with increasing flow. The natural log of armnoniwn 
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for 1993 and 1994. 
28. 15 
2.85 3.09 3.67 1 .62 72.65 
1 .87 2.72 3.58 7.65 64.92 
0.53 0.57 1 .53 3.96 26.50 
0.22 0.20 0.78 1 .5 1  13.90 
0. 10 0. 10 0.43 1 .03 7.90 
0.83 0.46 1 .72 2.71 29.49 
0.59 0.42 1 .64 1.54 30.49 
13.07 
46.35 
- 11Dec-9J 8.52 5.75 -- 2.21 1 . 1 4  --·- 2.88 4.28 _...,. 52.71 t 
I -Sum 1lwt·94 14.29 10.7'9 4.39• 2.JB 5.48 9.28 89.48 
12.45 12.79 3.98 2.80 6.37 1 1 .09 82.56 
1 1 .08 12. 13 3.66 2.49 7.20 1 1. 1 0  78. 16 
6.34 6.42 1 .85 1 .50 5.88 7.24 54.91 
1 .99 2.05 0.41 0.38 2. 18  1 .53 20.51 
5.77 4.27 1 .55 1 .25 6.95 5.34 52.42 
5. 10 6.02 1 .2 1  1 . 04  6.94 5.53 50.54 
6.02 6.19 1.41 1 .47 7.73 6.82 56.79 
4.08 3.87 0.76 0.55 4.04 2.87 36.90 
4.08 3.82 0.76 0.55 2.56 2.33 31 .40 
4. 1 2  3.77 0.88 0.53 2.40 2.09 27.24 
5.42 5.28 1.20 1 .03 3.64 3.21 37.43 
6.73 
Table 6-6. Summary of concentration regression model for the SW streamlet. 
Constituent Variables Det. To Be r Multicollinearity 
(Concentration) Si2nificant (p< .10) Problems? 




Nitrate t, e, Q, Cond 0.496 Correlation b/t 
independent variables 
VIF okay 
One high CI (202.5) 
Sulfate e, Q, Cond, pH 0.5 18  Correlation b/t 
independent variables 
VIF okay 
One high CI ( 1 82. 77) 
Sodium t, e, Q, pH, Cond 0.343 Correlation b/t 
independent variables 
VIF okay 
One high CI ( 1 63.68) 




Potassium e, Cond 0.244 Correlation b/t 
independent variables 
VIF okay 
One high CI (1 82.77) 




Aluminum t, e, Cond 0.376 Correlation b/t 
independent variables 
VIF okay 
One high CI (203 .55) 
Silica t, Q, pH 0.43 1 Correlation b/t 
independent variables 
VIF okay 
One hit�:h CI (229.8 1) 
Key: t = time (cumulative Julian days), e = seasonality terms, Q = flow (L/s), Cond = conductivity (uS/em), 
pH = pH, VIF = variance inflation factor, CI = condition index 
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Table 6-7. Concentration regression equations for the SW streamlet. 
Chloride: In C =  0. 1 09 + 2.576E-4 t - 5.44E-2 sin 9 + 0. 1 8  cos 9 - 6.3 8 1E-2 ln Q + 
1 .225 ln pH 
De-transfonned: C = 1 . 1 1 52 * e 2.576E-4 t * e -5.44E-2sin 9 * e 0. 18cos 9 * Q-0.06381 * pH
t .225 
.... •····· ' ·-··--.... t..::.2!�§.Q__ _ ........ ............................. -·-·�--.............................................................. . 
Nitrate: In C =  3.584 - 7.912E-5 t + 0.05422 sin 9 + 0. 1 06 cos 9 - 0.069I 4 In Q + 
0. 148 ln cond. 
De-transfonned: C = 36.01 73 * e -7.912E-St * e o.OS422sin 9 * e 0. 106cos 9 * Q-0.06914 * condo.
t48 
................................ i..!::..O�.--.. -·····--···-··---·�·--·-----................................................................ .. 
Sulfate: In C =  5.205 - 3.488E-2 sin 9 - 2.889E-2 cos 9 + O. I I2 In Q + 
9.089E-2 In cond - 1 .246 ln pH 
De-transfonned: C = 1 82 . 1 809 * e ·3.488E-2sin 9 * e -2.889E-2cos 9 * Q0. 1 12 * cond0.09089 * pH·t.246 
........... -.... -..... .1-�_QsilL ... - . .. ....... -........................................................................................................ . .. 
Sodium: 1n C = 0.765 + 3.552E-5 t - I .936E-2 sin 9 + 2.888E-2 cos 9 -
7. 1 53E-2 ln Q + 0. 1 8 1n cond + l . I 5  In pH 
De-transfonned: C = 2. 1490 * e 3.552E-5 t * e -1 .936E-2sin 9 * e 2.888E-2cos 9 * Q-0.07153 * cond0. 180 * 
pH
l.IS 
r - o.343 
··-·--_..._-···-· -·-----··-··-·········-··---···-----.. .._-...... -....................... _ .  ___________________ _ 
Ammonium: ln C = -O. I 57 + 7.353E-4 t + 0.48 I sin 9 - 0.341 cos 9 - 0. 1 94 ln Q 
De-transfonned: C = 0.854 7 * e 7.353E-4t * e 0.481sin 9 * e -0.341cos 9 * Q-0
.194 
r = o.466 
...---- ·-·-····-·-··--�_._... ..... --···········---··-·····---·-·-······-·················-··---··········-··········-·········-
Potassium: ln C = -0. 1 76 - 0.023 I 9  sin 9 + 0. 146 cos 9 + 0.853 In cond. 
De-transfonned: C = 0.8386 * e -0.023 J9sin 9 * e o. t46cos 9 * condo.ss3 
__ ..,.._ .................. f. .. ::���----··--...... _, ... .......... ........................................................................ .. 
H+ ion: ln C = -2.02 I + 0.1 1 3  sin 9 + 0. 1 53 cos 9 + 0.233 In Q + 0.81 4 1n cond. 
De-transfonned: C = 0.1 325 * e 0.1 13sin 9 * e 0. 153cos 9  * Q0.233 * cond0.8 14 
--·--·-·--··-..... .L'!.Qt�l4 ____ _ ......... -.............. ......................................................................... . 
Aluminum: ln C = 2.528 + 1 .346E-3 t + 0.07678 sin 9 - 0.2 1 2  cos 9 - 1 .066 In cond 
De-transfonned: C = I 2.5284 * e 1.346E-3t * e 0.07678sin 9 * e -0.2 12cos 9 * cond·l .066 
_____________ r_:;:_D..l1.6.... ________ .. _ _____________ ... __ ............................................................ ... .. 
Silica: In C = 2. 1 87 - 1 .543E-4 t - 5.256E-2 In Q + I .2 1 1 ln pH 
De-transfonned: C = 8.9084 * e -I .S4JE-4 t * Q·S.2S6E-2 * pH
I.2 1 1  
r = o.43 I 
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concentration also is increasing over time, at a rate of7.4E-4 units per day, but decreases with 
increasing flow. Potassium concentrations show no significant change overtime but do increase 
with increasing conductivity. Hydrogen ion concentrations also show no long-tenn time trend but 
exhibit increases with increasing flow and conductivity. The natural log of aluminum concentration, 
on the other hand, is increasing over time, at a rate ofl .3E-3 units per day, and decreases with 
increasing conductivity. Again, the absence of a relationship between aluminum and pH is 
surprising. The natural log of silica concentration is decreasing overtime at a rate of l .SE-4 units 
per day, decreases with increasing flow, and increases with increasing pH. As in the case with 
loads, silica is the only constituent to show no significant seasonal trends in the presence of other 
independent variables. 
Discussion 
Regression models were used to characterize constituent loads and concentrations because 
the influence of several independent variables could be tested and there were strong relationships 
between flow and nearly all constituents, a condition that, according to Preston eta/. ( 1989), is 
more accurately and precisely represented if regression methods are used. The multiple linear 
regression-based models may provide greater accuracy in mass transport calculations in 
comparison to the previous "average" method, but because "true" load values are not known, a 
full analysis of the errors associated with both methods is not possible. 
The regression models showed no significant long-term trend in sulfate loads or 
concentrations; research conducted on throughfall deposition quality at NDW shows that sulfate 
concentrations are significantly decreasing over time in throughfall, but loads are not changing. 
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Throughfall has been shown to be very representative oftotal sulfate deposited to a watershed 
(Shubzda et a/. , 1 995; Nodvin et a/. , 1 995). Research at the Hubbard Brook watershed and at 
several other sites in the Northeast U.S. has shown decreasing streamwater sulfate concentrations, 
as well as decreased concentrations in precipitation and throughfall due to decreases in atmospheric 
deposition of sulfur compounds (Likens and Bormann, 1995; Clow and Mast, 1999). However, 
in Shenandoah National Park, increasing stream water sulfate concentrations have been observed 
over time (Ryan et a/. , 1 989). One possible reason for trends observed at NDW is that 
atmospheric deposition of sulfur has decreased, but the watershed has not yet begun to rebound 
or respond as have streams in the Northeast U.S. Research in other watersheds has shown that 
there is a "lag time" in watershed response to decreased atmospheric deposition of acidic 
compounds (Likens and Bormann, 1 995; Clow and Mast, 1 999). 
Regression models show that nitrate concentrations and loads have significantly decreased 
over time; this can be explained by changes in the watershed due to infestation by the balsam 
woody adelgid, which was discussed in Chapter N. Research at the Hubbard Brook Watershed 
showed no significant change in nitrate concentration (Likens and Bormann, 1 995), yet research 
at Biscuit Brook and the Femow Experimental Watershed showed significant increases in nitrate 
concentration (Stoddard, 1 994). Reasons for these trends are unclear. Research at Hubbard 
Brook has also shown no significant change in pH over time, which is in agreement with findings 
at ND W. It appears that stream acidification status at ND W may not be changing; however, 
aluminum concentrations and loads are increasing, which itself contributes to degradation of the 
watershed. 
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CHAPTER VII. SAMPLING STRATEGY TESTING 
Data Sources 
This analysis was conducted using the same data as in Chapter VI, Parametric Modeling; 
weekly grab sample data were used to form the load and concentration regression models, and the 
load regression equations were again applied to the 1 5-minute continuous data to obtain load 
estimates every 1 5  minutes. 
Methods of Analysis 
The multiple linear regression-based model concept discussed in the previous chapter was 
used to test several sampling schemes or frequencies to determine whether less frequent grab 
samples would be just as statistically adequate in representing water quality at NDW as the current 
weekly grab samples. The sampling strategies tested were bi-weekly samples, tri-weekly samples, 
and monthly samples, which were all compared to the current weekly sample frequency. The 
sampling strategy data subsets were all taken from the full set of weekly grab sample data during 
1991 to 1 998. The bi-weekly subset was formed by retaining one observation every other week, 
the tri-weekly subset was formed by retaining one observation every three weeks, and the monthly 
subset was formed by retaining one observation every month. Multiple linear regressions were then 
performed for each subset for each constituent load, according to the steps outlined in the previous 
chapter. Independent variables were retained in each equation if significant at a. =  0.1 0. All of the 
load equations were then applied to the continuous 1 5-minute data (flow, conductivity, pH, time, 
and seasonality) during a test period, calendar years 1 993 and 1994, and instantaneous loads were 
summed to determine loads per month for each constituent for each sampling strategy. Calendar 
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years 1 993 and 1 994 were chosen for the test period because they represented years of 
streamflow extremes during the full period of record. In other words, the lowest mean and median 
annual streamflow occurred in 1993 and the highest mean and median annual streamflow occurred 
in 1 994. The summed loads were then compared to loads obtained from equations formed from 
the full set of weekly grab sample data All loads, except for ammonium in the monthly model, 
were determined to be normally distributed from the Kolmorogov-Smimov test. The loads were 
compared as paired values and as independent samples to note both differences in monthly values 
and differences in long-term distributions. To test statistical differences between individual monthly 
values, a paired t-test was performed on load results from each sampling strategy in comparison 
with load results from the current weekly scheme. Since ammonium was the only constituent that 
did not exhibit normality, pairs of ammoni urn loads were compared using the non-parametric 
Wilcoxon signed rank test. To test differences in load distributions among sampling strategies, a 
t-test was performed on all loads except ammonium, which was tested using the non-parametric 
Mann-Whitney U test. 
To compare constituent concentrations, the distributions of the actual concentrations in 
each sampling strategy data subset were plotted and tested for differences. These values could not 
be compared as paired values, so data for each sampling scheme were treated as independent 
samples. In addition, none of the constituent concentrations were normally distributed. Therefore, 
the non-parametric Mann-Whitney U test was performed on the concentration data to determine 




Figures 7-1 - 7-9 show comparisons of constituent loads based on the sampling strategies 
tested. For each load calculated, the percent difference in relation to the load obtained from the 
weekly data set was also calculated; distributions of these percent differences are shown in Figures 
7-1 - 7-9. In general, tighter percent difference distributions that center around zero indicate 
sampling strategies that produce similar results to the weekly scheme. Table 7-1 shows the results 
of the paired-t and Wilcoxon signed ranks tests that were performed on each constituent load pair. 
The null hypothesis in these tests is that any two sampling strategies produce results that are the 
same in location (mean or median); therefore, if the p-value is greater than the chosen a level of 
0.05, the null hypothesis should be accepted, and the two strategies can be considered to produce 
similar results. In Table 7-1 ,  boxes for strategies that produce statistically similar results to the 
weekly scheme are shaded and corresponding p-values are bolded. These tests show that the bi­
weekly model for chloride produces statistically similar load results to the weekly model. The tri­
weekly model for sodium also produces statistically similar load results to the weekly model, as 
does the bi-weeklymodel for ammonium. The tests used indicate that no other models produce 
statistically similar individual load results to the weekly model. However, Table 7-2 shows the 
results of the independent samples t- and Mann-Whitney U tests; these tests show that all the 
sampling strategies produce statistically similar distributions to the weekly strategy, except for 
aluminum in the monthly model. That is, all load distributions, except for monthly model aluminum, 
produced by the weekly, bi-weekly, tri-weekly, and monthly strategies are statisticallythe same 
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Figure 7-1 .  Comparison of monthly chloride loads during a test period ( 1 993-1 994) based on 
weekly, bi-weekly, tri-weekly, and monthly sampling schemes . 
.c 
§ 1�------------------------� E 
! 













� � z 0 
N •  � � � � 
Weekly Bi-Weekly Trt-Waeldy Monthly 
Sa!11)1ing frequency 
4r-------------------------� 





Figure 7-2. Comparison of monthly nitrate loads during a test period ( 1993-1 994) based on 
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Figure 7-3. Comparison of monthly sulfate loads during a test period (1993-1 994) based on 
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Figure 7-4. Comparison of monthly sodium loads during a test period (1993-1994) based on 
weekly, bi-weekly, tri-weekly, and monthly sampling schemes. 
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Figure 7-5. Comparison of monthly ammonium loads during a test period (1993-1 994) based on 
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Figure 7-6. Comparison of monthly potassium loads during a test period (1 993-1994) based on 
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Figure 7-7. Comparison of monthly hydrogen ion loads during a test period (1993-1994) based 
on weekly, bi-weekly, tri-weekly, and monthly sampling schemes. 
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Figure 7-8. Comparison of monthly aluminum loads during a test period (1993-1994) based on 
weekly, bi-weekly, tri-weekly, and monthly sampling schemes. 
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Figure 7-9. Comparison of monthly silica loads during a test period (1993-1 994) based on 
weekly, bi-weekly, tri-weekly, and monthly sampling schemes. 
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Table 7-1 .  Statistical differences in load results obtained from different sampling schemes in 
. h h k l h I d I companson w1t t e wee y se erne, assummg re ate samples. 
Sampling Scheme Category 
I Constituent Bi-Weekly Tri-Weekly ( load) Model Model 
Chloride �:�;;,,�:*�;.���oil6';J1'ii:l�f2\�\r• p- 0.003 
Nitrate p= 0.003 p = 0.026 
Sulfate p = O.OOO p = 0.000 
Sodium p= 0.001 f� -.! , � �4� t���if!rom��:�! _;�·k;,, �\ �,-_ , .... _;�..tr, -:� � · ·: . ,.::vx;�,\>11":'¥!/J!-� 
Ammonium • !'"'!'>\ p - o.ooo 
Potassium p = 0.000 jl_ = 0.001 
Hydrogen Ion p ..:  0.01 8  p = O.OOO 
Aluminum p= O.OOO p = O.OOO 




p = 0.000 
p = 0.006 
p : 0.000 
p- 0.003* 
p= 0.006 
p = 0.009 
p = 0.001 
p = 0.001 
*p-values for ammomum (weekly-monthly model companson) were generated usmg the non-parametriC 
Wilcoxon signed ranJcs test; all others were generated using the parametric paired t test. 
Note: P-values are bolded and shaded if the sampling scheme is statistically similar (p>O.OS) to 
the weekly scheme. 
com 
•p•values fo ammonium. (weekly-monddy modd QOillparison) were &CilCfl!kO using dle non•parameuic 
Marm-Whitney U test; all others were generated using the parametric t test. 
Note: P-values are bolded and shaded if the sampling scheme is statistically similar (p>O.OS) to 
the weekly scheme. 
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in location (mean or median) and variance. An obvious discrepancy exists between the results of 
the two tests assuming dependent and independent samples. After reflection, it was determined 
that examining and representing loads long-term is of greater importance than examining the 
accuracy ofload calculations per month. Thus, treating the data sets as independent samples rather 
than paired sets would be more appropriate for the purposes of this study. In addition, some load 
distributions produced by certain sampling strategies are nearly identical to the weekly model 
distributions and show relatively small percent differences (see Figures 7-1 - 7 -9). On average, 
sampling on a bi-weekly basis would produce loads within 1% of weekly sample loads, except for 
aluminum, which would be within 25%. Tri-weekly sampling would produce loads within 2.5% 
of weekly sample loads, except for ammonium and aluminum, which again would be within 25%. 
Monthly sampling would produce loads within 4 %  of weekly sample loads, except for ammonium 
and aluminum, which would be within 50% and 60%, respectively. 
In general, the percent difference plots in Figures 7-1 - 7-9 show a negative bias; in other 
words, most of the loads calculated under the bi-, tri-, and monthly schemes are higher than loads 
calculated under the weekly scheme. This could be due to outliers in the weekly data set that were 
coincidentally retained when forming the bi-, tri-, and monthly data subsets. 
For further reference, load regression equations for each sampling strategy are provided 
in the Appendix, Tables A-2 - A-4. 
Concentrations Comparison 
Figure 7-1 0 shows comparisons of constituent concentration distributions based on the 
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Figure 7-10. Comparison of constituent concentration distributions based on weekly, bi-weekly, 
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Figure 7-10 (continued). Comparison of constituent concentration distributions based on weekly, 
bi-weekly, tri-weekly, and monthly sampling schemes. 
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subsets of the original weekly data set, the data sets cannot be paired and thus percent differences 
cannot be computed. Table 7-3 shows the results of the Mann-Whitney U tests performed on 
each sampling strategy subset of concentration data. All boxes are shaded and all p-values are 
bolded; thus these tests show that all of the sampling strategies produce statistically similar (p > 
0.05) concentration distributions to the weekly strategy distribution. 
The suggestion that outliers were retained when fomring each sampling strategy data subset 
is supported by Figure 7-10, which shows that for many analytes, the number of outliers in the 
distributions for each sampling strategy is similar. With any particular analyte, the number of 
outliers in the weekly data distribution should ideally be three times the number of outliers in the tri­
weekly data distribution. This does not necessarily signal an error in procedure, but it does serve 
to explain the negative bias in loads predicted, which was discussed in the previous section. 
Though they were not used to determine concentration distributions, concentration 
regression equations for each sampling strategy are provided in the Appendix, Tables A-5 - A  -7, 
for further reference on which variables influence constituent concentrations under different 
sampling strategies. 
Discussion 
Overall, sampling on abi-weekly or tri-weeklybasis atNDW wouldbejust as adequate 
in representing loads and concentrations as sampling on a weekly basis. On average, most load 
calculations would be within 1 - 2.5 % of results obtained from weekly samples, and both models 
produce load and concentration distributions that are statistically equal in location (mean or median) 
and variance to those produced by the weekly model. Statistical analysis of sampling strategies 
1 6 1  
Table 7-3 . Statistical differences in concentration distributions based on sampling scheme in 












conducted by Robertson and Roerish ( 1999) supports this; they found that for long-term 
monitoring studies, sampling on either a monthly or semimonthly basis would be statistically 
adequate. However, for NDW, the monthly sampling strategy, although statistically similar to the 
weekly scheme when considering concentrations and most loads, does not represent aluminum 
loads well and produces some erratic load distributions and high percent differences. Therefore, 
it may not be as reliable for representing all analytes as the other sampling strategies. 
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CHAPTER VIII. SUMMARY OF MAJOR CONCLUSIONS 
From the results of the water quality monitoring research presented in this section, the 
following major conclusions and observations were made: 
1 .  Based on stream flow frequency curves compared to actual sampled flows, high 
flow events are under-represented; thus, stream water quality during high 
flow events. is under-represented by current sampling schemes. 
2. In general, flow in the SW stream is higher than flow in the NE stream during 
baseflow conditions. During major and minor rainfall events, however, 
flow is consistently higher in the NE stream than in the SW stream. Flow 
and water quality in the SW stream are apparently more dependent upon 
groundwater inputs, while flow and water quality in the NE stream are apparently 
more dependent upon vadose zone flow and cross-over tributaries from the SW 
stream during storm events. 
3. The NE and SW streams are statisticallydifferent(p < 0.05) with respect to allanalyte 
concentrations except ammonium. Most analyte concentrations are higher and 
show greater fluctuations in the NE stream than in the SW stream. 
4. From results of a storm event study on October 31 - November 5, 1 995, and studies 
in similar watersheds, most runoff entering streams during storms appears to be 
pre-event water generated in the vadose zone or upper soil layers. In addition, 
hydrologic response to storms at NDW is rapid. 
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5 .  Higher sulfate concentrations are observed in the streams when more rainfall 
has occurred since the previous visit. In the SW stream, an increase of one 
inch of rainfall produces a significant (p < 0. 05) increase in sulfate concentration 
of1 .08 JJ.eq/L. In the NE stream, an increase of one inch of rainfall produces a 
significant increase in sulfate concentration of 1 .32 JJ.eq/L. 
6. Lower sulfate concentrations are observed in the streams when the dry period 
prior to sampling has been longer. In the SW stream, an increase in one 
consecutive dry day prior to sampling produces a significant decrease in 
sulfate concentration of 0.65 J.Leq/L. In the NE stream, an increase in one 
consecutive dry day prior to sampling produces a significant decrease in 
sulfate concentration of 0.67 JJ.eq/L. 
7. Nitrate concentrations observed in the streams are not significantly influenced 
by precipitation prior to sampling. 
8. Lower nitrate concentrations are observed in the streams when the dry period 
prior to sampling has been longer. In the SW stream, an increase in one 
consecutive dry day prior to sampling produces a significant decrease in 
nitrate concentration of 0.50 J.LeqiL. In the NE stream, an increase in one 
consecutive dry day prior to sampling produces a significant decrease in 
nitrate concentration of 0.54 J.LeqiL. 
9. The multiple linear regression-based models may provide greater accuracy in 
mass transport calculations in comparison to the previous "average" method, 
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because it accounts for several possible influences on analyte loads and 
concentrations. Because ''true" load values are not known, a full analysis of the 
errors associated with both methods is not possible. 
I 0. The load regression model shows the following significant (p < 0. 1 0) time 
trends for water quality in the SW stream: 
• 
• 
The natural log of chloride load is increasing at a rate of2.6E-4 units per 
day. 
The natural log of sodium load is increasing at a rate of3.6E-5 units per 
day. 
• The natural log of aluminum load is increasing at a rate ofl .3E-3 units per 
day. 
• The natural log of ammonium load is increasing at a rate of7 .4E-4 units 
per day. 
• The natural log of nitrate load is decreasing at a rate of7 .9E-5 units per 
day. 
• The natural log of silica load is decreasing at a rate of l .SE-4 units per 
day. 
• Sulfate, potassium, and hydrogen ion loads are not changing over time. 
• All analyte loads except silica are influenced by seasonality, in the 
presence of other variables. 
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1 1 . The load regression model based on seasonality terms only shows the 
following significant (p < 0. 1 0) patterns: 
• Chloride loads reach a maximum around January 3 1  and a minimum 
around August 1 .  Seasonality explains 1 2.7% of the variability in 
instantaneous chloride load, or a range of 4.42£-5 eq/sec. 
• Nitrate loads reach a maximum around February 1 0  and a minimum 
around August 1 1 . Seasonality explains 1 9.3% of the variability in 
instantaneous nitrate load, or a range of 1 .68£-4 eq/sec. 
• Sulfate loads reach a maximum around February 1 7  and a minimum 
around August 1 7. Seasonality explains 1 1 .5% of the variability in 
instantaneous sulfate load, or a range of 1 .00£-4 eq/sec. 
• Sodium loads reach a maximum around February 1 2  and a minimum 
around August 1 4. Seasonality explains 1 1 .7% of the variability in 
instantaneous sodium load, or a range of 7.01 E-5 eq/sec. 
• Ammonium loads reach a maximum around April 1 2  and a minimum 
around October 12. Seasonality explains 1 7. 1 %  of the variability in 
instantaneous ammonium load, or a range of 9.40E-6 eq/sec. 
• Potassium loads reach a maximum around January 29 and a minimum 
around July 3 1 .  Seasonality explains 1 5.8% of the variability in 
instantaneous potassium load, or a range of3.06E-5 eq/sec. 
• Hydrogen ion loads reach a maximum around February 12 and a minimum 
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around August 12. Seasonality explains 1 8.5% of the variability in 
instantaneous hydrogen ion load, or a range of 8.06E-6 eq/sec. 
• Aluminwn loads reach a maxirnwn around April I and a minimwn around 
October 2. Seasonality explains 7. 7% of the variability in instantaneous 
aluminum load, or a range of 1 . 1 1 E-5. 
12. The concentration regression model shows the following significant (p < 0. 10) 
time trends for the SW stream: 
• The natural log of chloride concentration is increasing at a rate of2.6E-4 
units per day. 
• The natural log of sodiwn concentration is increasing at a rate of3 .6E-5 
units per day. 
• The natural log of alwninwn concentration is increasing at a rate of 1 .3E-3 
units per day. 
• The natural log of ammonium concentration is increasing at a rate of7 .4E-
4 units per day. 
The natural log of nitrate concentration is decreasing at a rate of7. 9E-5 
units per day. 
• The natural log of silica concentration is decreasing at a rate of l .SE-4 
units per day. 
• Sulfate, potassiwn, and hydrogen ion concentrations are not changing over 
time. 
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• All analyte concentrations except silica are influenced by seasonality, in the 
presence of other variables. 
13 .  The concentration regression model based on seasonality terms only shows the 
following significant (p < 0. 1 0) patterns: 
• Chloride concentrations reach a maximum around November 16  and a 
minimum around May 1 8. Seasonality explains 5.4% of the variability in 
chloride concentration, or a range of3 .72 J.leq/L. 
• Nitrate concentrations reach a maximum around January 1 5  and a 
minimum around July 1 7. Seasonality explains 23.3% of the variability in 
nitrate concentration, or a range of 9. 1 5  J.leq/L. 
• Sulfate concentrations reach a maximum around January 22 and a 
minimum aroundJuly2 1 .  Seasonalityexplains2.3% ofthevariabilityin 
sulfate concentration, or a range of 2.1  7 J.leq/L. 
• Sodium concentrations reach a maximum around September 2 1  and a 
minimum around March 2 1 .  Seasonality explains 8% of the variability in 
sodium concentration, or a range of 3.35 J.leq/L. 
• Ammonium concentrations reach a maximum around May 14  and a 
minimum around November 1 1 . Seasonality explains 23.4% of the 
variability in ammonium concentration, or a range of2.78 J.leq/L. 
• Potassium concentrations reach a maximum around December 1 3  and a 
minimum around June 13.  Seasonality explains 15 .4% of the variability in 
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potassium concentration, or a range of 3 .03 J.Leq/L. 
• Hydrogen ion concentrations reach a maximum around January 31  and a 
minimum around August 1 .  Seasonality explains 19  . I %  of the variability 
in hydrogen ion concentration, or a range of 0. 90 J.Leq/L. 
• Aluminum concentrations reach a maximum around May 23 and a 
minimum around November 22. Seasonality explains 10% of the 
variability in aluminum concentration, or a range of2.74 J.LmOl!L. 
14. Based on test period results and in comparison with the load regression model, the 
previous load "average" model produced the following : 
• Higher estimates of nitrate, chloride, sodium, aluminum, and silica. 
• Lower estimates of sulfate, ammonium, hydrogen ion, and potassium. 
1 5. Grab samples collected from the streams on a bi-weekly or tri-weekly frequency 
would be as statistically adequate for characterizing water quality as are samples 
collected on a weekly basis. 
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CHAPTER IX. RECOMMENDATIONS FOR FUTURE RESEARCH 
Based on the conclusions stated in Chapter VID and others provided in the text, the 
following recommendations are made for gaining better understanding of water quality 
characteristics and relationships in the Noland Divide Watershed: 
Sampling: 
1 .  Perform storm event sampling more frequently. 
2.  Sample vadose zone, overland flow, and groundwater during storm events to 
further identify sources of streamflow and related chemical "signals." 
3 .  For the fall season, consider sampling at other times of the day, particular in the 
afternoon, in order to better represent the streamflow parent distribution. 
Equipment: 
1 .  Use automated pumping samplers or passive samplers to capture streamwater samples 
during storm events 
2.  Install solar panels at the stream datalogger to avoid loss of data due to battery 
depletion. 
3 .  Install storage modules at the stream data logger that would periodically download and 
store continuous data; this would also help to avoid loss of data due to battery 
depletion or environmental factors. 
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Analysis/Research: 
1 .  Obtain more powerful statistical software and/or computers that could accommodate 
and perform complete statistical and graphical analyses on the full set of continuous 
data. 
2. Continue analysis of the NE stream continuous ( 1 5-minute) data to further analyze 
differences between the two streams. 
3. To further understand relationships between antecedent moisture condition and 
sulfate/nitrate, consider recording the approximate AMC every time a weekly grab 
sample is obtained. 
4. To further understand relationships between precipitation and sulfate, it would be useful 
to measure rainfall intensity for several storm events during a test period. 
5. To further understand streamflow source inputs and related chemical signals, 
flowpath tracer studies should be conducted using conservative and/or naturally­
occurring tracers, such as aluminum, oxygen-18, or calcium and sulfate. If 
possible, these experiments should be conducted under varying antecedent 
moisture conditions. 
6. To support the use of the multiple linear regression-based models for loads and 
concentrations, a full analysis of errors associated with this method and the 
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Table A-1 .  Summary of characteristics of the Noland Divide Watershed. 
Category Characteristic 
Area 1 7.4 hectares 
Elevational Range 1695 - 1 940 meters AMSL 
SCS Curve Number 55 
Time of Concentration• -20 minutes 
Average Watershed Slope 0.44 ftlft 
Average Stream Channel Slope SW: 0.35 ftlft NE: 0.36 ftlft 
Watershed/Streams Orientation Watershed is southeast-facing; streams drain 
to southeast 
Geology Thunderhead Sandstone 
Soils Umbric Dystrochrepts (loams, sandy loams, 
loamy sands - SCS Soil Group B) 
Forest Types Old-growth red spruce and mature yellow 
birch 
Understory Vegetation Types Frasier fir, red spruce, blackberry, witch 
hobble, blueberry, mountain ash, 
rhododendron 
*Time of concentration detenntned from the SCS/NRCS equation for overland flow and Manmng's equatton 
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Figure A-2. Mean monthly precipitation at Noland Divide Watershed, 1 991  - 1 995. 
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in the SW stream. 
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concentrations in the SW stream. 
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Figure A-4 (continued). Seasonal sine/cosine wave functions for analyte 
instantaneous loads in the SW stream. 
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Figure A-4 (continued). Seasonal sine/cosine wave functions for analyte 
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1 .  Plot streamflow (on log scale) versus time (on linear scale). 
2. Baseflow component will appear linear, following the falling limb of the 
hydro graph. 






hydro graph, designated "f' is taken on the falling limb, and designated ''b" if 
taken during baseflow conditions. 
Figure A-5. Sample hydrograph and baseflow separation procedure for assigning locations on the 
hydro graph when weekly samples are taken. 
191  
Table A-2. Load regression equations for the SW streamlet, bi-weekly sampling strategy. 
Chloride: In (QC) = - 1 1 .546 + 2.546£-4 t - 6.755£-2 sin 9 + 0. 157 cos 9 + 
0.926 ln Q 
De-transformed: QC = 9.6747£-6 * e 2.546£-4 t * e -6.7SSE-2sin 9 * e O. l 57cos 9 * Q0.926 
·-···-- ···--·····-·- r...:.Q� - --·-··-·---····-··-------··--···-·-·······································-·-··-····-··· 
Nitrate: In (QC) = -8.652 - 7.7£-5 t + 4.86 1£-2 sin 9 + 8.653£-2 cos 9 + 
0.925 ln Q - 0.681 ln pH 
De-transformed: QC = 1 .7478£-4 * e -7.7£-St * e 4.861E-2sin 9 * e 8.653E-2cos 9 * Q0.92S * pH0.681 
............................... .C.�·--··--··-·········-······----···-······-······-··-····················· ·--···""··-··-····-····---·····-·-·· 
Sulfate: In (QC) = -8.443 - 5.777£-2 sin 9 - 2.25£-2 cos 9 + 1 . 1 26 ln Q -
1 .2 19 ln pH 
De-transformed: QC = 2.154£-4 * e -5.777E-2sin 9  * e -2.2SE-2cos 9 * Q l . l26 * pH·L2 19 
rl =0.918 
. ... ... ........... _ .... .............. ...._ ... _....._.....__..__ .. _ ......... _ ..... ._ .. _ ............ _ .. ____ .... -............................... .-.. __ .............. .. _ ......... . 
Sodium: ln (QC) = -1 2.272 + 3 . 109£-5 t - 2.236£-2 sin 9 + 3 . 128£-2 cos 9 + 
0.947 ln Q + 0.959 In pH 
De-transformed: QC = 4.681£-6 * e 3. 109£-S t * e -2.236E-2sin 9 * e 3. 128E-2cos 9 * Q0.947 * pJI0·959 
............ ., ___ _ f_==..0,;9.1S., _____ "'''"''"-"'""'''''- ······--·-···----····-···-·································-··--·-- .. -··-··· 
Ammonium: ln (QC) = -13.764 + 7.376£-4 t + 0.6 18  sin 9 - 0.29 1 cos 9 + 0.668 ln Q 
De-transformed: QC = 1 .0529£-6 * e 7.376E-4t * e 0.618sin 9 * e -0.291cos 9 * Q0.668 
..... -..................... .C..:=_O:.SL .. _ ........................................................................................................................... . 
Potassium: In (QC) = -1 3.493 - 3.326£-2 sin 9 + 0. 147 cos 9 + 1 .036 1n Q + 
0.633 ln cond. 
De-transformed: QC = 1 .3 806£-6 * e -3.326E-2sin 9 * e o. t47cos 9 * Q 1 .036 * condo.633 
................................ f..-=:2:�--------···· .. ····--·-·····-·-····-··-·····-······· . .  ···········-················-·· .. ························ 
H+ ion: ln (QC) = -15.842 + 0. 1 28 sin 9 + 0. 168 cos 9 + 1 .2 14 1n Q + 
0.836 In cond. 
De-transformed: QC = 1 .3 1 8£-7 * e o. 128sin 9 * e o. J6scos e * Qt .2t4 * condo.s36 
·- ····---··---··f.-!':..9�---................................ _ ...................... ................ ............................ _ ........... .. 
Aluminum: In (QC) = -8.789 + 1 .322£-3 t + 1 .05 ln Q - 2.049 ln cond 
De-transformed: QC = 1 .524E-4 * e 1 .3llE-3t * Q I.OS * cond·2·049 
_____ _ , ........ , ___ f._=:= <t�- ----.. ·---··-----···-----··············--····-············--····--······-.. ···-···----··---·-· 
Silica : In (QC) = -12. 1 14 - 1 .614£-4 t + 0.947 ln Q + 1 .486 ln pH 
De-transformed: QC = 5.4822£-6 * e -L614E-4 t * Qo.947 * pH I .486 
r2 = 0.984 
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Table A-3. Load regression equations for the SW streamlet, tri-weekly sampling strategy. 
Chloride: In (QC) = -1 1 .537 + 2.1 88E-4 t - 8.964E-2 sin e + 0. 1 57 cos e + 
0.953 In Q 
De-transformed: QC = 9.762 1E-6 * e 2. 188E-4 t  * e -8.964E-2sin e * e o. I 57cos e * Qo.9s3 
. . r = o.89s _.. .......... ......-.. . -.... .. -.. -..... --.. --......... ._ _____ ___________ ______ ____________ , ....................................................... . 
Nitrate: In (QC) = -10. 1 79 - 8.493E-5 t + 6.308E-2 sin 8 + 0. 1 09 cos 8 + 
0.932 In Q + 0.1 29 In cond. 
De-transformed: QC = 3. 7959E-5 * e -8.493E-St * e 6.308E-2sin e * e O.l09cos e * Q0.932 * cond0. 129 
------··-·-·-·-·--·r. . .!"...o..9.8&. _____________ _________ , ___________  .. _______ _ _____ ........... ._ ....................................... . 
Sulfate: In (QC) = -8.85 1 - 5.632E-2 sin 8 - 1 .203E-2 cos 8 + 1 . 136 In Q -
0.997 In pH 
De-transformed: QC = 1 .4324E-4 * e -5.632E-2sin e * e -1 .203E-2cos e * Ql. l36 * pH-0.997 
-···-·· -·····---r.�m--- ···--········--····-·-·-·······----··-··-·-········-··· .. ---··········--··-··········-··-··-· 
Sodium: In (QC) = -12.7 + 5.29E-5 t - 4.2 1 5E-2 sin 8 + 5 .413E-2 cos 8 + 0.93 In Q 
+ 1 . 196 ln pH 
De-transformed: QC = 3.05 1 1E-6 * e 5.29E-S t *  e -4.215E-2sin e * e s.413E-2cos e * Q0.93 * pHt.
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·-····--·-.... -·.t:_=;;:_fJ. ... m._ ... _ ....  _ ....... _____ ______ ""--··-···-·-··-·················· .. ·············-··-··········--· 
Ammonium: In (QC) = -14.5 1 1  + 1 .089E-3 t + 0.5 14 sin 8 - 0.269 cos 8 + 0.985 In Q 
De-transformed: QC = 4.9883E-7 * e ! .089E-3t * e o.5 14sin e * e .o.269lcos e * Qo.9ss 
··---·-------···.r:�m_ ___ ________ _____________________________________________ ............................................ __ _ 
Potassium: In (QC) = -1 3.087 - 9.084E-2 .sin 8 + 0. 13  cos 8 + 1 .032 In Q + 
0.483 1n cond. 
De-transformed: QC = 2. 072E-6 * e -9.084E-2sin e * e O.l3cos e * Q 1.032 * cond0.483 
-- -···-·······X:::.�:�U-... ---·-····--·--·-···-········--··--··-····--·-··-········----··· ........ ........... . . . . . . ......... . 
H+ ion: In (QC) = -15.744 + 8.272E-2 sin 8 + 0. 177 cos 8 + 1 .264 In Q + 
0.782 In cond. 
De-transformed: QC = 1 .4537E-7 * e 8.272E-2sin 6 * e o. mcos e * Ql.264 * cond0.782 
·------ -··········t. .. =:;.D..22.1 __ _ ___________________________________ _____ ................................................................... . 
Aluminum: In (QC) = -8.608 + 1 .087E-3 t + 1 .032 In Q - 1 .993 In cond 
De-transformed: QC = 1 .8264E-4 * e l .OS7E-Jt * Ql .032 * cond-1.993 
. rl.= 0.712 �_......,..�---·--·----···-·--·-··· ---··-···-·-·-----·-····--···········-·-··-·········•'��•···········�··········---····· 
Silica: In (QC) = -1 1 .855 - 9.667E-5 t + 0.948 In Q + 1 .3 In pH 
De-transformed: QC = 7. 103E-6 * e ·9·667E-s t * Q0·948 * pHI .J 
rz = o.984 
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Table A-4. Load regression equations for the SW streamlet, monthly sampling strategy. 
Chloride: ln (QC) = -1 1 .647 + 2.902£-4 t - 7.43 1£-2 sin e +  0. 1 98 cos e + 
0.986 ln Q 
De-transformed: QC = 8.7452£-6 * e 2.902E-4 t * e -7.43 1E-2sin a * e 0. 198cos a * Q0.986 
r = o.9o5 
·Nit;ai�-=··············i�·<oc)·�-·�9:s·s7·:··.:;:67.9£.�s·t:·+·4:4�B£:fsi�·e·+··o-:i�T�f��s·Er;··o:93·s··h;·o· 
De-transformed: QC = 5 .2379£-5 * e -7.679E-5t * e 4.421E-2sin a * e 0. 1 19cos a * Q0.938 
-,.--.. -··-···-···-�P.:U4-.. ·-··-···-··-···---·······-··-····· .. ··---·-· .. ·····················-··········· ········ ······-·············· 
Sulfate: ln (QC) = -8.863 + 1 . 1 19 ln Q - 0.970 ln pH 
De-transformed: QC = 1 .41 53£-4 * Ql. 1 19 * pH..0·970 
•••-•--• -• - •C.!=.Jt2.1L _____ ••••-•-••-•-•••wu- •--- ·-•-••••-••--••-·--••m•••••u•uou••••••uoo<uoo•-•••u•••••n••••• 
Sodium: ln (QC) = -1 2.42 1 + 0.963 1n Q. + 1 .057 ln pH 
De-transformed: QC = 4.033£-6 * Q0·963 * pHI .057 
r = o.975 
Ammonium: ln (QC) = 6.3 10 + 5.083£-4 t + 0.884 sin 9 - 0.55 1 cos e + 0.804 ln Q -
1 1 .375 ln pH 
De-transformed: QC = 550.0449 * e 5.083E-4t * e 0.884sin a * e ..o.ssJcos a * Q0.804 * pH·
I 1.375 
r = o.834 
Potassium: ln (QC) = -14.267 - 2.888£-2 sin e +  0. 141  cos e + 1 .05 In Q + 
0.93 ln cond. 
De-transformed: QC = 6.3668£-7 * e ·2.888E-2sin a * e O. I4Icos a * Ql.OS * cond0.93 
r = o.967 -- -.... --··-··-··--....._ . ..._.._�_ .. ,_ ... ___ ........• ____ __ .......... ___ ..,. _____  ................................ � ....... -.............. .. 
H+ ion: In (QC) = -1 5.21 1 + 5.3E-2 sin 9 + 0.1 6 1  cos e + 1 .229 In Q + 
0.58 In cond. 
De-transformed: QC = 2.4771£-7 * e 5.3E-2sin a * e 0. 16 1cos a * Ql.229 * cond0.58 
- ---r..!'AfiL . .. -----··---··--·-· ---·---····--·-········-·-·····-·························· 
Aluminum: In (QC) = -6.79 + 1 .429£-3 t + 1 .209 In Q - 2.953 ln cond 
De-transformed: QC = 1 . 1 25£-3 * e 1 .429E-3t * QJ.209 * cond-2·953 
____ __ f..::..Q:.M1.---·-------····-·-----·--·---·---···-···-·····-·······-···-····-················· 
Silica: In (QC) = -9.53 - 1 . 164E-4 t - 4.985E-2 sin 9 - 2.22E-2 cos 9 + 0.953 In Q 
De-transformed: QC = 7 .264E-5 * e -I . I64E-4 t * e -4.985E-2sin a * e -2.22e-2cos a * Q0.953 
r = 0.984 
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Table A-5. Concentration regression equations for the SW streamlet, bi-weekly sampling strategy. 
Chloride: In C =  2.269 + 2.546£-4 t - 6.755£-2 sin e +  0. 1 57 cos 9 - 7.404E-2 ln Q 
De-transformed: C = 9.6697 * e 2.546E-4 t * e -6.755E-2sin 9 * e 0. 157cos 9 * Q·7.404E-2 
r = 0.269 
Nitrate: ln C = 5 . 164 - 7.7E-5 t + 4.861£-2 sin 9 + 8.653£-2 cos 9 - 7.469E-2 ln Q -
0.68 1 1n pH 
De-transfonned: C = 1 74.8625 * e -7.7E-St * e 4.861 E-2sin 9 * e 8.653E-2cos 9 * Q·7.469E-2 * pH-0.68 1 
------·····-·f..!:.Q.478 ---····-·-·····--·-- --·-···-··-···-··········-·······-······--····-············-·· 
Sulfate: ln C = 5.372 - 5.777£-2 sin 9 - 2.25E-2 cos 9 + 0. 126 ln Q - 1 .2 1 9 ln pH 
De-transformed: C = 21 5.293 * e -S.777E-2sin 9 * e -2.2SE-2cos 9  * QO. I26 * pH·I .2 19 
·--M--··-�·····---L-�2.JJZ--·-·--··--·········-···············-··-··-·--------················-·········-···························· 
Sodium: In C =  1 .543 + 3 . 109£-5 t - 2.2236£-2 sin e +  3 . 128£-2 cos 9 -
5.303£-2 ln Q + 0.959 In pH 
De-transfonned: C = 4.6786 * e 3. 109E-5 t * e -2.236E-2sin 9 * e 3.128E-2cos 9  * Q·5.303E-2 * plfl·959 
r- - o.2S3 ______ .... _...,. __ .,.__........., .. _ ........... -............................... ...... --.. --...... _ ... .  _ ......•.•....... --....... _ .. ...................... . 
Ammonium: In C =  5 . 1 1 3E-2 + 7.376E-4 t + 0.618  sin 9 - 0.291 cos 9 - 0.332 ln Q 
De-transformed: C = 1 .0524 * e 7.376E-4t * e 0.6 1 8sin 9 * e -0.29lcos 9 * Q-0.332 
r =  o.467 
Potassium: In C =  0.2 1 8 - 1 .8 17£-2 sin 9 + 0. 154 cos 9 + 0.691 In cond. 
De-transfonned: C = 1 .2436 * e -1.81 7E-2sin 9 * e 0. 154cos 9 * cond0.69 1 
r = 0.262 
H+ ion: In C =  -2.026 + 0. 128 sin 9 + 0. 168 cos 9 + 0.214 In Q + 0.836 1n cond. 
De-transformed: c = 0. 1 3 1 9  * e 0. 1 28sin 9 * e 0. 168cos 9 * Q0.2 14 * cond0.836 
----··· . . .. -.r.;!=��--····-··-··-... . ..... .................. ._ .......... -................... ............................................... . 
Aluminum: In C =  4.768 + 1 .328£-3 t - l .927 ln cond 
De-transfonned: C = I 1 7 .6836 * e 1 .32SE·3t * cond-1 .927 
r = 0.334 
•• --· -·--·---- --' ••••••• .. •-·---- ·•••-• .,.••-••• .. ••-..,•••••••••••••••"-.... ----•••--••••••••••••-••••••-••••ouo••••••••••••••-•••••• 
Silica : In C =  1 .702 - 1 .614£-4 t - 5.267E-2 In Q + 1 .486 ln pH 
De-transfonned: C = 5.4849 * e - 1 .6 1 4E-4 t * Q·5.267E-2 * pH I .486 
r = 0.467 
I 95 
Table A-6. Concentration regression equations for the SW streamlet, tri-weekly sampling strategy. 
Chloride: In C = -0.547 + 2.217E-4 t - 9. 138E-2 sin 8 + 0. 1 80 cos 8 + 1 .569 ln pH 
De-transformed: C = 0.579 * e 2.2t7E-4 t  * e -9. 1 38E-2sin 9 * e o. t 80cos 9  * pH
t.569 
Nitrate: 
i = 0.278 
ln C = 3.637 - 8.493E-5 t + 6.308E-2 sin 8 + 0. 109 cos 8 - 6.8 1 5E-2 ln Q + 
0. 129 ln cond. 
De-transformed: C = 37.977 * e -8.493E·5t * e 6.308E-2sin 9 * e 0. 109cos 9 * Q
-6.8 15E-2 * cond0. 129 
···--·----··-··r.!'!9.J.�� ···--··-··--···--·--·-·····--·----·-···---·--................................................... . 
Sulfate: In C = 4.965 - 5.632E-2 sin 8 - 1 .203E-2 cos 8 + 0. 1 36 ln Q - 0.997 1n pH 
De-transformed: C = 143.309 * e -5.632E-2sin 9 * e -t.203E-2cos 9 * Q
O. I36 * 
pH
�.997 
-··--·-··-···-····-·.r ... ��-- --·--................. -........................... ____ ............................................... . 
Sodium: In C = 1 . 1 1 5  + 5.290E-5 t - 4.215E-2 sin 8 + 5.41 3E-2 cos 8 -
7 .039E-2 ln Q + 1 . 1 96 ln pH 
De-transformed: C = 3 .050 * e 5.290E-5 t * e -4.21SE-2sin 9 * e 5.41 3E-2cos 9 * Q
·7.039E-2 * 
pH
I . I96 
··-···--···-·· .. ---i.."!.�Q�--i� ............... -................... -.... _. ___ ··-·-······-·-·-.. ·-············ .. ·············-··························--··· 
Ammonium: In C = -0.71 1  + 1 .085E-3 t + 0.5 16  sin 8 - 0.275 cos 8 
De-transformed: C = 0.491 * e 1 .085E-3t * e 0.516sin 9 * e �.27Scos 9  
·--------�O..S�-- --····-·---··: ... ........ -........................................................................................... . 
Potassium: In C = 0.657 - 7.677E-2 sin 8 + 0. 1 37 cos 8 + 0.527 In cond. 
De-transformed: c = 1 .929 * e -7.677E-2sin 9 * e 0.137cos 9  * cond0.527 
H+ ion: 
i = 0.247 
ln C = -1 .928 + 8.272E-2 sin 8 + 0. 1 77 cos 8 + 0.264 ln Q + 
0. 782 ln cond. 
De-transformed: C = 0. 145 * e 8.272E-2sin 9 * e o.mcos 9 * Q
0.264 * cond0.782 
................... ..... _r. = . .0...4R..... .... .............................................................................................................................. . 
Aluminum: In C = 5.059 + 1 .096E-3 t - 1 .923 In cond 
De-transformed: C = 157.433 * e L096E-31 * cond-1 .923 
·--··-·-···--·--t .. =..Q.J.n _________ ____ .......................................... -.............................................. .. . 
Silica: ln C = 1 .961 - 9.667E-5 t - 5.237E-2 In Q + 1 .300 In pH 
De-transformed: C = 7.1  06 * e ·9·667E·5 1 * Q-
S.237E-2 * pH 
uoo 
i = 0.415  
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Table A-7. Concentration regression equations for the SW streamlet, monthly sampling strategy. 
Chloride: ln C = 2. 1 53 + 2.895E-4 t - 7.747E-2 sin 8 + 0. 1 93 cos 8 
De-transformed: C = 8.6 1 1 * e 2.895E-4 t * e -7.747E-2sin a * e 0. 193cos a 
__ ................... .f-.::..o:.l� ........... _ ........... -..................................................... .................................................. -.. 
Nitrate: ln C = 3.959 - 7.679E-5 t + 4.421E-2 sin 8 + 0. 1 1 9 cos 8 - 6.214E-2 ln Q 
De-transformed: c = 52.405 * e -7.679E-5t * e 4.42IE-2sin a  * e 0. 1 19cos a * Q-6.2 14E-2 
·-·············--·····-···t�:§-..._.. .. _ ...... _ ... _ .. _ ....................... _ ... _ .... _ ........................................................................ . 
Sulfate: ln C = 4.952 + 0.1 19  ln Q - 0.970 ln pH 
De-transformed: C = 141 .458 * Q0· 1 19 * pH-0.9?0 
r = o.5 1 6  
Sodium: ln C = 1 .394 - 3.71 1 E-2 ln Q + 1 .057 ln pH 
De-transformed: C = 4.03 1 * Q·3·71 1E-2 * pHI .057 
---·-·····-····----��Jl�-. ..,... ............... -........... ....... ___ ____ __ ..... _ .. _ ......................................... ._ . ._ ................ . 
Ammonium: ln C = 15 .472 + 4.942E-4 t + 0.864 sin 8 - 0.629 cos 8 - 8.868 ln pH 
De-transformed: C = 5 .240E6 * e 4.942E-4t * .e 
o.s64sin a * e -0.629cos a * pH
·8.868 
.__.. ......... ----···--..t��o.:.m....-.. .. _ ........ _ .. _ .. _________ .... : ........ ................................ -............................................... ---· 
Potassium: ln C = -0.45 1 - 2.888E-2 sin 8 + 0. 141 cos 8 + 4.987E-2 ln Q + 
0.930 ln cond. 
De-transformed: C = 0.63 7 * e -2.888E-2sin a * e 0. 14Icos a * Q
4.987E-2 * cond0.930 
................................ C..-!.P�-----·········--·--··········-·-···-·-·----····· .. ·-···-........................................... _ ............ . 
H+ ion: ln C = - 1 .396 + 0.053 sin 8 + 0. 16 1  cos 8 + 0.229 ln Q + 0.580 1n cond. 
De-transformed: C = 0.248 * e 0.053sin a * e O. I6Icos a * Q0.229 * condo.sso 
................................ f. .. �.9.:1J.f. .................................................................. ....................................................................... . 
Aluminum: ln C = 6.460 + 1 .447E-3 t - 2.640 ln cond 
De-transformed: C = 639.061 * e 1 .447E-Jt * cond-2·640 
Silica: 
r = o.384 
ln C = 4.286 - 1 . 1 64E-4 t - 4.985E-2 sin 8 - 2.220E-2 cos 8 -
4.668E-2 ln Q 
De-transformed: C = 72.675 * e -1 . 164E-4 t * e -4.985E-2sin 9 * e -2.22E-2cos 9 * Q-4
.668E-2 
r = o.346 
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